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ABSTRACT 
 
 Commonly, protein and energy sources in feedlot cattle diets in the United States are 
co-products of the ethanol industry, such as dried distillers grains plus solubles. However, the 
inclusion of co-products is limited by the high sulfur content from the use of sulfuric acid in 
the ethanol production process. High sulfur diets have been shown to decrease cattle growth 
performance and may lead to sulfur toxicity. Dietary sulfate is reduced to sulfide or hydrogen 
sulfide by ruminal sulfate reducing bacteria. This process is pH dependent, thus increasing 
ruminal pH is thought to decrease hydrogen sulfide production. Previous research has shown 
the risk for sulfur toxicity may be decreased by increasing roughage inclusion in feedlot diets 
to greater than 6 to 8% of DM; however, little information is available comparing roughage 
sources or dietary concentrations to decrease the risk of toxicity while maintaining cattle 
performance. Thus, the succeeding research trials were designed to compare the impacts of 
two roughage sources on ruminal pH and ruminal hydrogen sulfide concentrations and to 
determine the effect of increasing roughage concentration on ruminal pH, ruminal hydrogen 
sulfide, cattle intake, and feedlot cattle growth performance. The results of the research show 
the source of roughage, when balanced on an equal neutral detergent fiber basis, did not 
differ in the ability to positively affect ruminal pH, hydrogen sulfide, or cattle intake. When 
evaluating the second research objective, increasing dietary roughage increased dry matter 
intake and decreased the rate of intake. Even though dry matter intake increased, the addition 
of roughage up to 17.3% of DM did not affect average daily gain or feed efficiency. This 
suggests there may be synergy between roughage and fibrous dried distillers grains, which 
allowed for greater cellulose digestion and compensated for the energy dilution of the diets. 
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Ruminal pH also increased with the increased dietary roughage, suggesting the increased 
number of smaller meals positively influenced ruminal pH. In the first study, ruminal pH was 
measured via an indwelling bolus and increasing roughage resulted in a decrease in time 
spent under pH 5.4, 5.6, and 5.8. A lesser amount of time spent at decreased pH values is 
beneficial in decreasing the proportion of hydrogen sulfide in the rumen. Furthermore, 
hydrogen sulfide concentrations decreased with the increased inclusion of dietary roughage. 
The outcomes of both experiments suggest a strong negative correlation between ruminal pH 
and hydrogen sulfide, where, as ruminal pH increased, hydrogen sulfide decreased. In the 
first study a breakpoint at a pH of 5.6 was observed, where above 5.6, ruminal pH was no 
longer strongly influencing hydrogen sulfide concentrations; however, these differences may 
be attributed to differing experimental design in these studies. The results of both studies 
suggest including 7 to 8% neutral detergent fiber of either roughage source in high S feedlot 
cattle diets will increase ruminal pH and decrease hydrogen sulfide concentrations, thus 
decreasing the potential for sulfur toxicity. Further research is necessary to uncover if there 
are additional influences of increased roughage on ruminal hydrogen sulfide concentrations 
beyond ruminal pH alone.
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CHAPTER 1. 
GENERAL INTRODUCTION 
 
Ethanol co-products, such as dried distillers grains plus solubles (DDGS), can be 
nutritious feedstuffs for ruminants and an economical feed choice for cattle feeders. 
Producers commonly use co-products as protein and energy sources in feedlot cattle diets. 
However, the sulfur (S) concentration is often excessive and variable in feedstuffs because 
sulfuric acid is used during the ethanol production process (Kwiatkowski et al., 2006). 
Residual S limits the use of co-products in ruminant diets (U. S. Grains Council, 2012).  
Increased S intake by cattle may decrease DMI and ADG and can be toxic in large amounts, 
leading to S-induced polioencephalomalacia (S-PEM; Gould et al., 1997; Richter et al., 
2012). When fed to ruminants, dietary sulfate is reduced to sulfide or hydrogen sulfide (H2S) 
by ruminal sulfate reducing bacteria (SRB), and the ruminal balance between sulfide and 
hydrogen sulfide is pH-dependent (Beauchamp et al., 1984). As ruminal pH decreases, the 
proportion of sulfide in the form of H2S increases. The ruminal accumulation, eructation, and 
subsequent inhalation of large amounts of H2S is thought to cause the negative effects 
associated with excess dietary S (Beauchamp et al., 1984; Gould, 1998). The risk for S 
toxicity may be decreased by increasing the roughage inclusion in feedlot diets greater than 
the typical 6 to 8% of DM (Vanness et al., 2009; Nichols et al., 2013).  
Research has shown that increasing roughage intake will increase time spent chewing, 
thus stimulating saliva secretion and increasing the amounts of buffers entering the rumen 
(Beauchemin and Yang, 2005). Therefore, increasing dietary roughage should increase 
ruminal pH, decrease the daily fluctuation in ruminal pH, and lessen ruminal H2S 
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concentrations in cattle fed high S diets. Limited research has been conducted to determine 
the optimal roughage inclusion and source needed to decrease the risk of S toxicity. 
Increasing roughage may have negative impacts on feedlot cattle growth and efficiency 
because replacing high energy feedstuffs with increased roughage dilutes dietary energy, 
potentially reducing growth (Calderon Cortes and Zinn, 1996; Benton et al., 2007; Hales et 
al., 2013). Various roughage sources may also have different impacts on DMI and cattle 
performance due to differing protein and NDF content. Previous research suggests intake and 
growth differences between roughage feedstuffs may be eliminated by balancing for NDF 
(Galyean and Defoor, 2003). The studies described within this thesis were designed to 
determine the influence of dietary roughage source and concentration on ruminal parameters 
related to sulfur toxicity and growth performance of beef feedlot cattle.  
 
Thesis organization  
A review of the literature discussing S in feedlot cattle diets, ruminal S metabolism, 
development and implications of S toxicity in feedlot cattle, the relationship of ruminal pH 
and S toxicity, and the management practices utilized to avoid the negative effects of excess 
dietary S will be provided in chapter 2. Chapter 3 has been accepted into The Journal of 
Animal Science and evaluates the effect of two roughage sources included in beef feedlot 
cattle diets at three different dietary inclusion rates on ruminal parameters related to S 
toxicity. Chapter 4 contains research directed to address the effect of roughage inclusion in 
high S diets on growth performance of beef feedlot cattle and has been submitted to The 
Journal of Animal Science. The final chapter provides a conclusion of research outcomes, 
implications of the findings, and suggestions for future research.   
3 
 
CHAPTER 2. 
REVIEW OF THE LITERATURE 
 
RUMINANT SULFUR REQUIREMENTS 
 Sulfur (S) is an essential major mineral which is a necessary component for many 
organic molecules vital for many biological processes. Certain AA (methionine and cysteine) 
and B vitamins (biotin and thiamine) are S-containing organic compounds (NRC, 2000). A 
variety of sources provide S in its inorganic form, including calcium sulfate and ammonium 
sulfate (NRC, 2005). Beef cattle require 0.15% dietary S (DM basis) for adequate growth 
which is primarily included in beef cattle diets in the form of S-amino acids (S-AA), as a part 
of true protein (NRC, 2000). Rumen bacteria, especially cellulolytic bacteria, also require S 
for adequate growth (Spears et al., 1976). Ruminant diets deficient in S result in decreased 
microbial populations, microbial protein synthesis and lactate utilization, and severe 
deficiency results in lethargy, weight loss and eventual death (Starks et al., 1953; Whanger 
and Matrone, 1970; Rumsey, 1978). Starks et al. (1953) observed poor appetite, wool loss, 
dullness, cloudy eyes, weakness, emaciation, and death in lambs fed a S-deficient diet 
(0.06% S) for 90 d. Furthermore, ruminal microbes in sheep fed S-deficient diets have a 
decreased ability to convert lactate to volatile fatty acids, resulting in increased lactate 
accumulation in the rumen, which may cause acidosis (Whanger and Matrone, 1970). The 
accumulation of lactate in S-deficient sheep is thought to be due to the decrease in the 
activity of the acrylate pathway, in which lactate is converted to propionate by lactic acid 
utilizing bacteria due to decreased Gram positive microorganisms (Whanger and Matrone, 
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1970). Although S deficiency in ruminants under practical conditions is not likely, the 
occurrence of S toxicity is more prevalent because of current beef feedlot feeding practices.  
 
Sulfur Toxicity  
The NRC (2005) suggests the maximum tolerable level of S in beef cattle diets with 
less than 15% forage to be 0.3% S and for diets containing greater than 40% forage, the 
maximum tolerable level is suggested to be 0.5% S. Concentrations greater than the 
maximum tolerable level may result in S toxicity characterized by a decrease in cattle 
growth, decreased copper status, diarrhea, muscular twitching, dyspnea, and in more severe 
cases, S-induced polioencephalomalacia (S-PEM; Smart et al., 1986; Gould, 1998; NRC, 
2000; Loneragan et al., 2001). Polioencephalomalacia (PEM) can be characterized by 
restlessness, muscular twitching, head pressing, diarrhea, breathlessness, blindness, and may 
lead to eventual death (Dill, 1986; NRC, 2000).  Gould (1998) suggested that PEM induced 
by S is related to excess ruminal hydrogen sulfide (H2S) concentrations and is characterized 
by necrosis of the cerebral cortex. 
The maximum tolerable S concentration for beef cattle should be a consideration 
when calculating an estimated daily S intake from the S content of water and feed 
ingredients. The NRC (2005) recommends water sulfate concentrations not exceed 600 mg/L 
for consumption by cattle because high sulfate-water can significantly contribute to S toxicity 
and decrease water intake, DMI, growth performance, and may lead to S-PEM (Weeth and 
Hunter, 1971; Weeth and Capps, 1972; Loneragan et al., 2001). The suggested toxic water 
sulfate concentrations are supported by Loneragan et al. (2001). A feedlot study with 240 
cross-bred steers assigned to one of five water sulfate treatments of 136, 291, 583, 1,219, and 
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2,360 mg sulfate/L water. When S consumed from water and feed was considered 
collectively, these treatments corresponded to dietary S concentrations of 0.18, 0.19, 0.22, 
0.29, and 0.40%. In support of the NRC (2000) recommendations concerning water sulfate 
concentrations, Loneragan et al. (2001) reported decreased cattle performance when water 
sulfate concentration was above 583 mg/L. Correspondingly, hay intake decreased 12.4% 
and water consumption decreased 35% when heifers consumed high sulfate water, produced 
by the addition of sodium sulfate (Na2SO4; Weeth and Hunter, 1971; Weeth and Capps, 
1972). A case study reported by McAllister et al. (1997) indicated monthly incidence of S-
PEM as high as 0.88% in cattle provided water containing an average of 2,500 mg of 
sulfate/L. When calculating daily S intake, weather must be taken into account as in the 
summer months cattle will drink more due to heat. Several feed ingredients may also contain 
moderate to high concentrations of S, including corn distillers grains, corn gluten meal, cane 
molasses, brewers grains, and alfalfa hay (0.46, 0.72, 0.47, 0.32, and 0.28% S, respectively; 
Kung et al., 1998). 
 
Sulfur in Ethanol Co-products 
Ethanol is produced by a fermentation process of sugars from grains (often corn) that 
removes starch from the kernel resulting in ethanol and carbon dioxide (Kwiatkowski et al., 
2006). Corn is the predominant feedstock used by the United States ethanol industry 
producing yields only second to sugar cane (U.S. Grains Council, 2012). The first step of the 
dry-grind ethanol process decreases the particle size of corn by grinding it with a hammer 
mill; the finer the particle size, the greater the yield. Water and recycled stillage (water and 
solids left after distillation) are added to the ground corn, which initiates leaching of the 
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soluble protein, sugars, and some lipids. After leaching is complete, the cooking process 
hydrolyzes starch into glucose, via the addition of amylases, which are the primary enzymes 
used to initiate hydrolysis. Next, the sugars are fermented into alcohol; during fermentation 
the yeast growth and temperature are carefully monitored. Pure ethanol is then produced by 
distillation and purification. Co-products are produced from whole stillage and since the 
sugars have been removed, whole stillage is composed of predominately fiber, protein, and 
fat. Whole stillage can be split into multiple co-products when it is centrifuged into thin 
stillage (liquid) and solids. Condensed distillers solubles (CDS, ~30% DM) are produced 
when the majority of the water in the thin stillage solution is removed by evaporation to yield 
syrup. The coarse solids can be added back to the CDS which are dried to make dried 
distillers grains (DDG) with solubles (DDGS, ~88% DM). The last co-product is the coarse 
solids (wet cake, ~35% DM), which can be dried to produce DDG or added with CDS to 
produce wet distillers grains with solubles (WDGS) or modified wet distillers grains with 
solubles (a blend of WDGS and CDS, ~50% DM). All co-products described are commonly 
sold for use as livestock feedstuffs to poultry, swine, and cattle.  
Sulfuric acid is used to control pH during the ethanol fermentation process and is 
used for cleaning of transfer lines and equipment (Klopfenstein et al., 2008; U.S. Grains 
Council, 2012). Sulfuric acid costs less than other acids and is an approved food additive 
according to the U. S. Code of Federal Regulation (U.S. Grains Council, 2012). Ethanol 
production differs due to processors’ methods which leave the co-products with a varying S 
content. For example DDGS have S concentrations that range from 0.3 to 1.0%, and the S 
content between loads from a single plant varies 5 to 10% (Buckner et al., 2011; Kim et al., 
2012). The variability in the nutrient content of DDGS is also considerable due to individual 
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ethanol plant processing methods, but the average nutrient value of DDGS is 30% CP, 9% 
fat, 42% NDF, and 85% TDN (U.S. Grains Council, 2012). Organic sources of S, such as S-
AA, in DDGS are three times more concentrated than corn, due to the loss of starch. Corn 
has approximately 0.12% S, and when combined with the use of sulfuric acid in the ethanol 
process may result in elevated S concentrations in ethanol co-products (U.S. Grains Council, 
2012). The concentration of S in DDGS is one of the primary limiting factors to increased 
inclusion in beef feedlot diets. The depressive effects of high S in feedlot cattle diets include 
decreased DMI, ADG, and may decrease G:F. In some cases, the excess S can lead to S 
toxicity, which may manifest as S-PEM (Uwituze et al., 2011a; Richter et al., 2012).  
 
Ethanol Co-products in Feedlot Cattle Diets 
Distillers grains resulting from ethanol production are comprised primarily of fat, 
protein, and fiber from the initial corn feedstock; which are concentrated approximately 
three-fold during this process (Klopfenstein et al., 2008; U.S. Grains Council, 2012). The 
three most common uses of DDGS in beef cattle diets are as a protein source, a source of 
supplemental fat, and as a low starch, high fiber, energy source (Loy et al., 2005). The 
primary protein in corn and DDGS is called zein, which is 40% rumen degradable 
(McDonald, 1954). A review of ethanol by-products in beef cattle diets reported the average 
RDP of DDGS to be 50% (Aines et al., 1986). Before sulfate reducing bacteria (SRB) are 
able to use S incorporated within S-AA, it must be freed from the protein via proteolysis. 
Thus, the organic S in the form of S-AA in the DDGS is less available for SRB to reduce to 
sulfide. The S-containing protein is less ruminally available because some S-AA are 
incorporated into rumen microorganisms or escape ruminal degradation. However, the use of 
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sulfuric acid in the ethanol process, results in inorganic S residue on DDGS, which is 
expected to be completely available for SRB to reduce to sulfide. Thus, the risk for S toxicity 
is increased due to the high S availability from DDGS.  
When used as a protein or fat source, DDGS often replaces corn gluten feed or 
soybean meal. Aines et al. (1986) utilized intestinally cannulated cattle to assess the rumen 
bypass protein value, which represents protein not degraded by the microbes in the rumen, of 
DDGS. They reported bypass protein of DDGS to be 1.6 times greater than soybean meal. 
When DDGS are included at 20 to 40% of the diet DM, the feeding value is 13 to 40% 
greater than corn, though this may differ due to the amount of fat and the quality of roughage 
included in the diet (Erickson et al., 2012). Furthermore, Klopfenstein et al. (2007) reported 
the feeding value of DDGS to be 123% when included in a dry rolled corn (DRC) diet at 
20% DM, but at an inclusion rate of 40% DM, the feeding value decreases to 100%. At 10 to 
15% of the diet DM, DDGS are fed to meet protein requirements of cattle, while including 
greater than 15% DDGS, can also provide energy to cattle. The value of DDGS as a 
supplemental energy source has been found to vary with diet type. Summer and Trenkle 
(1998) used eight crossbred steers in an 8 × 8 Latin square with 21 d periods. Roughage (corn 
stalks or alfalfa hay) was fed alone or as 50% of the diet with one of the concentrate sources 
(dried corn gluten feed, cracked corn, or DDGS). The authors found supplemental DDGS to 
be more effective as an energy source when fed with low quality forage than higher quality 
forage. When low quality forage was supplemented with DDGS, DMD increased compared 
to diets supplemented with corn (Summer and Trenkle, 1998).  
To determine the optimum dietary inclusion of DDGS for steer performance, 250 
crossbred steers were used in a 167 d study and fed one of six dietary treatments (0, 10, 20, 
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30, 40, and 50% DDGS on DM basis; Buckner et al., 2007). Dry matter intake was not 
affected by DDGS inclusion, but final BW and ADG both responded quadratically to the 
increasing concentration of DDGS, with 20% being the optimum inclusion. A follow-up 
study was conducted by Buckner et al. (2008) utilizing 240 crossbred steers in a 167 d study 
with dietary treatments of 0, 10, 20, 30, and 40% of DDGS on DM basis. The authors 
reported results similar to Buckner et al. (2007), indicating the optimum inclusion of DDGS 
to be 20 to 30% of diet DM. Klopfenstein et al. (2008) conducted a meta-analysis of beef 
feedlot studies including those completed by Buckner et al. (2007, 2008) assessing the effect 
of different inclusions (0 to 40% DM) of ethanol co-products on cattle growth rate and 
efficiency. The authors concluded there was a quadratic response of ADG with increasing 
DDGS, with the maximum ADG achieved when 20 to 30% DDGS were included in the diet. 
They also found maximum G:F achieved at an inclusion of 10 to 20% DDGS in the diet.  
Sulfur is required for biological processes of ruminants; however, in recent years S 
toxicity has become an issue in feedlot cattle due to increasing dietary S. High dietary S is 
commonly achieved through high water sulfate concentration or inclusion of DDGS in 
feedlot diets. As DDGS have a high concentration of protein and energy, they have become a 
common ingredient in beef cattle diets. When DDGS is added to the diet in amounts over 
40%, the feeding value decreases as demonstrated by decreased ADG and G:F. Moreover, 
DDGS have an increased S concentration due to the use of sulfuric acid in the ethanol 
process, thus the inclusion of DDGS in the diet must be monitored. Feeding high dietary S 
has been shown to increase risk of S toxicity and S-PEM, which are thought to be due to the 
metabolism of S in the rumen.  
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RUMINAL SULFUR METABOLISM 
Sulfate reducing bacteria are found in a wide variety of environments, ranging from 
those with extremely high temperatures and pressures to dynamic environments such as the 
rumen (Barton and Fauque, 2009). The diversity of SRB can be attributed to their ability to 
be metabolically adaptable, which allows them to function in most ecosystems (Barton and 
Fauque, 2009). The environmental impact of SRB is extremely diverse and includes the roles 
of SRB in biocorrosion of ferrous metals and concrete, use as a biocide in the petroleum 
industry, and use in hazardous wastes or contaminated soil to form insoluble metal sulfides 
as a way to eliminate toxic metals (Barton and Fauque, 2009). Many species of SRB have 
been isolated from marine sediment habitats and extensive research has been conducted to 
define the characteristics of such species (Rabus et al., 2006). However, identification and 
distinguishing differences of SRB species present in the rumen is an ongoing process. Russell 
and Rychlik (2001) attribute the absence of extensive detailed knowledge of ruminal bacteria 
ecology to the lack of an established selective media, the high similarity of bacteria 
morphologies in the rumen, the undetectable end products that are often used in secondary 
fermentations, and the high percentage of bacteria which are attached to feed particles or are 
integrated into biofilms.  
 
Ruminal Sulfate Reducing Bacteria 
It is suggested that the major species of SRB in the rumen belong to the Desulfovibrio 
or Desulfotomaculum genera (Coleman, 1960; Huisingh et al., 1974; Howard and Hungate, 
1976). Sulfate reducing bacteria are significant to maintain ruminant well-being, but 
ironically these species make up less than 1% of the total rumen bacterial population, with 
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reported concentrations of 10
2 
to 10
8 
/ml of rumen fluid from sheep and cattle fed S adequate 
diets (Huisingh et al., 1974; Bray and Till, 1975; Callaway et al., 2010). Huisingh et al. 
(1974) and Howard and Hungate (1976) isolated SRB species from sheep rumen fluid and 
distinguished the primary sulfate reducer as Desulfovibrio desulfuricans. According to 
Sorensen et al. (1980), lactate is the natural substrate for Desulfovibrio. In the presence of 
lactate, glucose, alanine, and formate, SRB are able to perform sulfate reduction. But in the 
presence of acetate, there was no SRB growth (Huisingh et al., 1974; Howard and Hungate, 
1976). Ruminal amylolytic bacteria, which produce lactate as a fermentation end product, are 
more populous when cattle are fed a high grain diet. Thus, finishing cattle consuming a high 
concentrate diet are thought to be a more desirable SRB host.  
Sulfate reducing bacteria gain energy for cell synthesis and growth by coupling the 
oxidation of compounds to the reduction of sulfate to sulfide (Rabus et al., 2006). In the 
absence of sulfate, some species are able to ferment pyruvate with the end formation(s) of 
acetate, carbon dioxide, and/or hydrogen (Barton and Fauque, 2009). There are two main 
sulfate reduction pathways, assimilatory and dissimilatory. Both pathways of sulfate 
reduction use adenosine triphosphate (ATP) to form adenosine-3-phoshosulfate (APS). 
Reduction by assimilatory bacteria proceeds via a reaction of ATP and APS to produce 5’-
phospho-adenosine-3’-phosphosulfate which is utilized as a source of reduced S to be 
integrated into cellular materials such as S-AA (Peck, 1962). Whereas, dissimilatory bacteria 
utilize sulfate as the terminal electron acceptor and produce H2S (Postgate, 1965). Bradley et 
al. (2011) described in detail the linear sequence of reactions that occur in the dissimilatory 
sulfate reduction pathway; sulfate is imported into the cell, activated to APS and reduced to 
sulfite, which is further reduced to sulfide via dissimilatory sulfite reductase, and finally the 
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reduction of sulfide
 
to H2S. In the rumen, by way of the dissimilatory pathway, SRB can use 
inorganic S as a terminal electron acceptor for the formation of ATP (Rees, 1973). Microbial 
reduction is the main method by which sulfate is reduced in the rumen, and the reduction rate 
of sulfate by dissimilatory bacteria is tenfold greater than the rate for assimilatory bacteria 
(Postgate, 1965). Most SRB activity occurs in the reticulo-rumen, where the H2S produced 
may be incorporated into microbial proteins, absorbed directly through the rumen epithelium, 
or emitted during eructation (Bray and Till, 1975).  
 
Ruminal Hydrogen Sulfide 
Ruminants fed high concentrate diets have a greater amount of lactate present in the 
rumen because it is a fermentation end product of amylolytic bacteria. In the presence of 
lactate and adequate sulfate, ruminal SRB reduce sulfate via the dissimilatory pathway 
resulting in the potential for excessive H2S production and accumulation in ruminants. 
Accumulation of H2S may be a result of an increase in the SRB population and/or a 
metabolism shift of SRB due to the greater amount of substrate available. Cummings et al. 
(1995) isolated SRB from pair-fed Holstein steers (190 kg) and fed high carbohydrate-based 
diets for 12 d with either Na2SO4 added at 1.8% of the diet (0.34% total dietary S) or not 
included in the diet (0.04% dietary S). Ruminal fluid was collected before feeding on d 0, 7, 
10, and 12 d and incubated at 39
◦
C in roll tubes for 7 and 14 days for rumen microbe 
enumeration. At each collection time point, 50 mL of ruminal fluid was used to measure in 
vitro H2S concentrations. The rumen fluid sample and 5 mM of Na2SO4, cysteine, 
methionine, or no added S substrate were introduced into flasks that were sealed and fitted 
with H2S dosimeter gas detector tubes. Cummings et al. (1995) found that even though the 
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H2S concentration increased with the amount of dietary S fed to steers, the number of SRB 
present in the ruminal fluid did not change.  
However, Lewis (1954) observed an increase in SRB populations after dosing 
Na2SO4 (estimated 0.4 and 0.8% S of diet DM) into ruminally cannulated sheep (n = 5) that 
were fed hay on an ad libitum basis. The sheep were either not dosed or dosed with Na2SO4 
at 2 h post-feeding for 14 consecutive d.  Lewis (1954) took daily ruminal fluid samples at 5 
h post-feeding. Ruminal fluid was kept at 37
◦
C in double side-bulb cups for the estimation of 
sulfide production by the colorimetric method. The repeated doses of Na2SO4 entering the 
rumen resulted in an increased rate of sulfate reduction and production of sulfide compared 
to sheep that were not dosed with Na2SO4. This subject suggests that the adaptation of SRB 
to dietary S determines the capacity for sulfate reduction (Lewis, 1954; Bray and Till, 1975). 
Coleman (1960) isolated a SRB species similar to Desulfovibrio desulfuricans from ruminal 
fluid collected from hay-fed sheep. When sulfide concentrations were greater than 6 to 7 
µmol/mL, SRB growth was inhibited, suggesting potential for a negative feedback 
mechanism to sulfate reduction in the rumen. 
Additionally, ruminal pH plays an instrumental role in the accumulation of H2S from 
the production of H2S by dissimilatory SRB. The conversion of sulfide to H2S is a pH-
dependent process with a pKa of 11.94 for dissociation of the first ion. As shown in in Fig. 1, 
the pKa for the dissociation of the second ion is 7.04 (Kung et al., 1998; Schoonmaker and 
Beitz, 2012).  Approximately 95% of sulfide in the ruminal fluid should be found as H2S at a 
pH of approximately 5.5, which is not an uncommon ruminal pH to reach at some point 
during the day for feedlot cattle fed high concentrate diets (Clesceri et al., 1998). Sulfide may 
be absorbed across the rumen epithelium into the blood stream for S recycling or   
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Figure 1. Sulfur metabolism in the rumen and the 
presumed mechanism for sulfur toxicity  
(Drewnoski et al., 2014)  
excretion through the 
urine (Bray, 1969); 
however, the main 
pathway of entry into 
general circulation for H2S 
appears to be alveolar 
diffusion following 
eructation and inhalation 
of H2S (Gould, 1998). 
Even though H2S has been 
found to be an important signaling gas necessary for various physiological processes in 
minute concentrations, in excess, H2S is considered a toxic gas (Pietri et al., 2011). Gould 
(1998) discovered a positive association between increased ruminal H2S concentrations and 
the incidence of subacute H2S toxicity, also classified as S-PEM. Polioencephalomalacia may 
be caused by a thiamine deficiency, acute lead poisoning, water deprivation, and high dietary 
S and is characterized by head pressing, staggering, blindness, and brain lesions (Dill, 1986; 
Gould, 1998). The ruminal H2S concentration at which S-PEM is induced has been reported 
to vary, leaving the specific value yet to be determined. A study by Loneragan et al. (2005) 
investigated the impact of five water sulfate treatments, and reported a steer with a ruminal 
H2S concentration of 13,448 mg/L was diagnosed with S-PEM the next day. A similar 
pattern of events occurred in a study completed by Drewnoski et al. (2012a), where a steer 
had a ruminal H2S concentration of 12,000 mg/L one d prior to the diagnosis of S-PEM. 
However, in this same study, three other steers achieved similar concentrations without 
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exhibiting clinical symptoms of S-PEM. Furthermore, heifers showed clinical symptoms of 
S-PEM with reported peak ruminal H2S concentrations of 14,500 and 18,642 mg/L from 
diets containing 0.55 and 0.70% S, respectively (Niles, 2002).  The variation in ruminal H2S 
concentrations related to confirmed S-PEM cases may be due to animal variation and the 
varying microbial populations present in each animal.  
As aforementioned, increased dietary S increases the activity of SRB and the excess 
H2S produced can inhibit SRB growth and sulfate reduction. Eructation keeps ruminal sulfide 
concentrations tolerable for the rumen microbes to continue to grow; however, 70 to 80% of 
the eructated gas is inhaled by the ruminant, allowing for the toxic H2S to enter general 
circulation (Dougherty and Cook, 1962; Cummings et al., 1995). Dougherty et al. (1965) 
investigated the mechanism of S toxicity and found that sheep infused with H2S collapsed 
after eructating, but sheep with a closed trachea, preventing inhalation, experienced no 
clinical sign of toxicity. This result suggests that inhalation of H2S is critical in the etiology 
of S-PEM. Inhalation of H2S causes the characteristic necrosis of the cerebral cortex (brain 
lesions) that can be identified as PEM (Gould, 1998). The effect of thiamine addition to 
increased dietary S on induced S-PEM was studied with 56 lambs (Olkowski, 1992). Dietary 
treatments included inclusion of 0.19% S and 14 mg thiamine/kg of diet DM (n = 9), 0.63% 
S and 14 mg thiamine/kg of diet DM (n = 22), 0.19% S and 243 mg thiamine/kg of diet DM 
(n = 9), and 0.63% S and 243 mg thiamine/kg of diet DM (n = 16) in a barley and alfalfa-
based diet. Of lambs fed the diet with 0.63% S and 14 mg thiamine/kg of diet DM, gross 
pathology of brain tissue revealed 12 with advanced necrotic lesions, but only 7 sheep 
showed clinical signs of S-PEM. Supplementation of 243 mg thiamine/kg of diet DM may 
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have an important role in preventing clinical signs of PEM and lessening PEM brain lesions 
(Olkowski, 1992).  
Perhaps surprisingly, a lag time of 15 to 60 d has been observed in cattle and sheep 
fed high dietary S before peak ruminal H2S concentrations are achieved (Fig. 2). Cummings 
et al. (1995) added Na2SO4 at 0 or 1.8% (0.04% and 0.34% total dietary S, respectively) of a 
high carbohydrate-based diet to record the microbial shifts during diet induced S-PEM to 
Holstein steers. Clinical signs of S-PEM did not occur until 10 d after the onset of feeding. 
On d 10 of the trial, in the high sulfate-fed steers, H2S odor was noticeable by the researchers 
(5 ppm detectable by humans) in the eructated gas. At the end of the trial, steers were 
euthanized and all steers fed high sulfate had grossly detectable brain lesions characteristic of 
PEM (Cummings et al., 1995). Additionally, Loneragan et al. (2005) observed that after 
adaptation to high sulfate water, cattle ruminal H2S concentrations peaked on d 31 in a study 
where cattle were assigned one of three concentrations (136, 583, 2,360 mg/L) of sulfate in 
the drinking water. The authors also concluded that the peak of ruminal H2S concentration 
resulted in the onset of S-PEM. McAllister et al. (1997) noted similar results in feedlot steers 
fed a diet containing 0.2% S and 2.5 g of sulfate/L in the drinking water; the incidences of S-
PEM occurred between 15 and 30 d after consuming a full finishing feedlot diet. Ninety-
eight percent of incidences of S-PEM occurred before 60 d of entering the feedlot, and 78% 
occurred between d 15 and 30 (McAllister et al., 1997).  
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Loerch et al. (2012) also presented data that suggested a delay in peak H2S 
concentrations after the start of feeding a high S diet to ruminants. In this study, 54 ewes 
were allotted to one of three dietary treatments (0, 0.2, and 0.4% added S from Na2SO4 to 
equal 0.11%, 0.31%, and 0.51% total dietary S) for 29 d and H2S measurements were taken 4 
h post-feeding on d 1, 8, 15, 22, and 29. On d 29, 83% of lambs fed additional dietary S had 
detectable H2S concentrations in the rumen.  To test the hypothesis that SRB populations 
may adapt to high S diets, Drewnoski et al. (2012b) utilized grazing Angus crossbred 
yearling steers (321 kg) receiving 0.34 or 0.47% total dietary S from forage and a DDGS 
supplement for 35 days (grazing period) before transitioning them to the feedlot and DRC 
based-diets containing 0.3% or 0.6% S until slaughter (feedlot period). Sodium sulfate was 
included in the diet (for the grazing and feedlot period, respectively) to increase the dietary S 
for the high S diets. During the grazing period, there was no effect of dietary S concentration 
on H2S concentrations. However, during the feedlot period there were two diagnosed S-PEM 
Figure 2. The general trend of hydrogen sulfide concentrations during the 
finishing phase of beef cattle fed diets containing 0.3 or 0.6% dietary sulfur, 
adapted from Drewnoski and Hansen (2013).  
0.3% Sulfur 
0.6% Sulfur 
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cases within the first 30 d, coinciding with increased ruminal H2S concentrations measured 
on d 26 on full finishing diets (Drewnoski et al., 2012b). The increase in rapidly fermentable 
carbohydrates from the feedlot diet may have caused a rapid decrease in ruminal pH, 
supporting more sulfide as H2S, resulting in greater risk of steers developing S-PEM 
(Cummings et al., 1995).  
Recent research has reported ruminal concentrations of H2S greater than 4,000 mg/L 
without observing clinical signs of S-PEM, which is well above the previous threshold of 
2,000 mg/L reported by Gould et al. (1997) thought to result in S-PEM (Felix et al., 2011; 
Drewnoski et al., 2012b; Neville et al., 2012). Although recent research disagrees with the 
suggestion by Gould et al. (1997), it has been recognized that H2S concentrations are highly 
dependent on when the samples are taken relative to the time of feeding, which may account 
for the large difference in H2S concentrations associated with S-PEM threshold between 
Gould et al. (1997) and others.  Drewnoski et al. (2012a) and Felix et al. (2012) both 
measured ruminal H2S concentrations in steers in the morning before feeding a high 
concentrate diet with 0.68% and 0.43% S, respectively, and reported concentrations at 
approximately 2,000 mg/L. Between 3 and 12 h post-feeding, the ruminal H2S concentrations 
peaked at approximately 9,000 and 6,000 mg/L in the Drewnoski et al. (2012a) and Felix et 
al. (2012) studies, respectively, and gradually decreased after 12 h post-feeding. In the 
experiment conducted by Felix et al. (2012), cattle were fed a diet containing 0.25% less S 
than diets fed by Drewnoski et al. (2012a) This difference is likely the reason why the 
approximate peak ruminal H2S concentrations were less in the study of Felix et al. (2012). 
Thus, it is well demonstrated that the inclusion of dietary S impacts the potential magnitude 
of ruminal H2S concentrations. 
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Ruminal Availability of Sulfur Sources 
The availability of sulfate for reduction by ruminal SRB determines the extent of H2S 
production. Inorganic sources of S such as S residue in DDGS from the ethanol process, 
Na2SO4, or calcium sulfate are predicted to be completely available for SRB to reduce to 
sulfide. Organic sources of S such as S-AA should be less available because some of the 
protein will be ruminally undegradable, thus unavailable to be reduced to sulfide by SRB. 
Brasche et al. (2012) conducted an experiment in five ruminally cannulated steers to evaluate 
the effect of five dietary S sources (DDGS, sulfuric acid, calcium sulfate, Na2SO4, or CDS; 
to contribute 0.19%  of available S, similar to that contributed by the sulfuric acid in the 
DDGS diet) on rumen H2S concentrations. Ruminal H2S concentrations did not differ 
between S sources, suggesting that inorganic sources and S from DDGS have similar 
availability for the dissimilatory bacteria to produce H2S.   
Sarturi et al. (2013) assessed how various ruminally available S sources were related 
to the potential of the source to produce excess ruminal H2S and termed the concept as 
adjusted ruminal protein S (ARPS). The authors determined the effect of four S sources on 
ruminal H2S concentration of five ruminally cannulated beef steers. The diets were balanced 
to provide similar ARPS but at different total dietary S concentrations: control (0.16% 
ARPS; 0.20% S), ammonium sulfate (0.31% ARPS; 0.36% S), corn gluten meal (low, 0.19% 
ARPS; 0.30% S and high, 0.25% ARPS; 0.45% S), and WDGS (0.35% ARPS; 0.50% S). 
Hydrogen sulfide concentrations were greatest in cattle fed the ammonium sulfate (12,225 to 
14,670ppm) and WDGS (11,002 to 14,670 ppm) treatments compared to the control (719 to 
1,726 ppm) and corn gluten meal treatments (1,222 to 6,112 ppm). In this study, ARPS 
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explained 58% of the variation in ruminal H2S concentrations. Additionally, the S intake 
accounted for 29% and rumen pH explained 12% of the variation in ruminal H2S 
concentrations (Sarturi et al., 2013). Nichols et al. (2013) also calculated ARPS by taking the 
total S of the feedstuff and subtracting the calculated rumen undegradable S, calculated by 
estimating the amount of organic S from AA multiplied by the undegradable intake protein. 
The authors conducted a longitudinal-analysis of cattle fed 0.12 to 0.73% S diets with 
roughage NDF ranging from 0 to 8% (DM basis) to determine the importance of NDF 
concentration and ruminally available S (RAS) on the incidence of S-PEM. Their resulting 
model suggests the frequency of S-PEM decreases 19% for every 1% of NDF added in the 
diet when RAS is held steady (Nichols et al., 2013).   
 
High Sulfur Diets and Cattle Performance 
Increasing amounts of dietary S have been shown to decrease cattle performance (Zinn 
et al., 1997; Uwituze et al., 2011a; Richter et al., 2012). Zinn et al. (1997) used 108 crossbred 
heifers in a finishing trial with three concentrations of dietary S from ammonium sulfate 
(0.15, 0.20, 0.25% total dietary S on DM basis) included in a basal diet of mostly steam 
flaked corn (SFC), with 10% roughage (alfalfa and sudangrass hay). As dietary S increased, 
DMI decreased linearly and ADG and G:F decreased quadratically. The authors concluded 
that when dietary S was greater than 0.20% of diet DM, a negative effect on growth 
performance was observed. Furthermore, Spears et al. (2011) studied the influence of 0, 0.15, 
or 0.30% S from ammonium sulfate (0.12, 0.31, and 0.46% dietary sulfur, respectively) on 
growth performance of 114 steers during an 84 d growing phase (85% corn silage-based diet) 
and 109 d finishing phase (85% ground corn-based diet). When dietary S was greater than 
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0.31% in the growing phase, final BW, ADG, and G:F decreased. Steers consuming 0.46% S 
during the finishing phase experienced a notable decrease in DMI and ADG.  
Gibson et al. (1988) designed a study to test the influence of sulfur dioxide-treated high 
moisture barley on the performance of 64 Hereford and Hereford-cross steers. The steers 
were fed containing 0.17 or 0.46% S for 96 d diets. Diets containing 0.46% S (sulfur dioxide-
treated diets) caused detrimental effects on cattle performance; steers had 10.1% lower DMI, 
31% ADG, and decreased G:F compared to diets with 0.17% S. Additionally, four steers that 
were fed the dietary treatments containing sulfur dioxide-treated barley were diagnosed with 
PEM (on d 32, 36, 55, and 56). Yearling steers consuming a 0.6% S diet, from a combination 
of DDGS and Na2SO4 (included in a DRC-based diet with 8% chopped grass hay) for 95 d 
showed lesser ADG and HCW, but did not differ in DMI or G:F compared to steers 
consuming a 0.3% S diet (Richter et al., 2012). Within steers fed the 0.6% S diet, there were 
two incidences of S-PEM within the first 21 d of feeding the full finishing diet (Richter et al., 
2012).  
Additionally, Uwituze et al. (2011a) designed a study examining the effect of dietary S 
from DDGS on growth performance and ruminal H2S concentrations of cattle. Eighty 
crossbred steers (406 kg) were fed one of four dietary treatments for 140 d. Diets were 
arranged in a 2 × 2 factorial of dietary S concentration (0.42% or 0.65% S; 0.65% S achieved 
by the addition of sulfuric acid) and grain processing method (DRC or SFC). Ruminal H2S 
concentrations were measured at 0, 4, 8, and 12 h post-feeding on d 69, 83, 90, 97, and 104. 
Steers fed 0.65% S diets had greater H2S concentrations compared to steers fed 0.42% S diets 
regardless of grain processing method. One steer fed the SFC and 0.65% S diet showed 
clinical signs of S-PEM on d 28 of the study but no other animals showed signs of S-PEM. 
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Ruminal H2S concentrations decreased over the course of the study. Furthermore, Uwituze et 
al. (2011b) reported a strong negative correlation between ruminal H2S concentrations and 
both DMI (-0.67 and -0.40 for the SFC and DRC diets, respectively) and ADG (-0.58 and -
0.26 for the SFC and DRC diets, respectively). Moreover, Uwitiuze et al. (2011a) reported no 
effect of grain processing method on ADG or G:F, but feeding 0.65% S decreased DMI, 
ADG, and shrunk final BW. However, there was no difference in G:F due to dietary S 
concentration. The increase of dietary S concentration from 0.42% to 0.65% resulted in an 
8.9% decrease in DMI and a 12.9% decrease in ADG in this study (Uwituze et al., 2011a).  
To summarize, cattle that are exposed to high H2S concentrations may have poor 
growth performance and may develop S-PEM. When cattle are fed a high concentrate diet, 
the accumulation of ruminal H2S is exacerbated because decreased ruminal pH increases the 
proportion of sulfide
 
present as H2S. The amount of H2S produced is directly related to the 
amount of S that is ruminally available to the SRB to reduce to sulfide. Thus, the various 
sources of S (water sulfates, inorganic S sources, or DDGS) have differing effects on the 
amount of H2S produced; dependent on inclusion rate. Cattle performance is depressed by 
high S diets specifically by decreasing DMI, ADG, and in some cases by decreasing G:F. 
Because ruminal pH appears to be critical in the production of H2S, it is important to 
understand the relationship of feedlot cattle diets and ruminal pH to modulate H2S 
accumulation through manipulation of ruminal pH.  
 
RUMINAL pH 
 Decreased ruminal pH may negatively affect DMI, fiber digestibility, and increase the 
risk of acidosis. Additionally, a lesser ruminal pH provides additional hydrogen ions that 
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may be used in the conversion of sulfide to H2S, increasing the risk of S-PEM. There are 
three common avenues to modulate acidic feedstuffs such as DDGS and the acidic microbial 
fermentation end-products in the rumen; added dietary buffers, added roughage, and 
modulation of feed intake (Erdman, 1988). Variables which influence the type of dietary 
buffer needed include: forage intake, forage particle size, and the amount of acidic feedstuffs 
in the diet (Erdman, 1988). The typical ruminal pH  is ≥ 6.2 in forage-based diets and ≤ 5.8 
in concentrate-based diets. 
 
Salivary buffering capacity 
One of the primary means of buffering acidic conditions in the rumen is saliva. The 
DM content of feedstuffs, forage intake, and amount of rumination are factors that have been 
identified as important components affecting saliva flow (Erdman, 1988). Saliva supports 
ruminal buffering by contributing approximately half of the bicarbonate needed in the rumen 
during eating and rumination (Selvaraj et al., 2007). Increasing the amount of dietary 
roughage increases chewing time and subsequently salvia production, which is greater during 
rumination than during eating (Balch, 1958; Bailey et al., 1961; Balch, 1971; Owens et al., 
1998).  
Shain et al. (1999) reported that adding roughage to DRC-based diets increased 
ruminal pH by increasing the time steers spent chewing. Six ruminally cannulated steers (508 
kg) were used in a 6 × 6 Latin square design with14 d periods. Dietary treatments evaluated 
in this study included all concentrate (89% DRC) or DRC and alfalfa hay (2.54 or 12.7 cm 
particle size), wheat straw (2.54 or 12.7 cm particle size), or corn cobs (0.95 cm particle 
size). Diets were balanced to provide equal amounts of NDF to the diet on a DM basis from 
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each roughage source, resulting in inclusions of 10% alfalfa, 5.6% wheat straw, and 5.4% 
corn cobs. The periods consisted of 11 d of adaptation and 2 d of chewing activity 
measurements (2 h after morning feeding steer behavior was observed for 15 sec, every 5 
min, and behavior was categorized as time spent eating, ruminating, or resting). On d 13, 
ruminal fluid samples were collected via suction strainer every 6 h post-feeding.  The steers 
fed the all-concentrate diet experienced a decreased ruminal pH, a lesser time spent eating 
and ruminating, and a greater time spent resting (not chewing). Steers fed either particle size 
wheat straw diets experienced the greatest total time chewing and ruminating. The authors 
also reported a positive relationship between chewing time and ruminal pH, suggesting 
increased dietary roughage may increase ruminal pH by increasing chewing time.  
Sudweeks et al. (1975) fed dairy steers (500 kg) in four replicated 3 × 3 Latin squares. 
Dietary treatments included one of three concentrate inclusions (10, 40, and 70%  of diet 
DM) comprised of three different concentrate sources (ground corn, citrus pulp, and soybean 
mill feed) and four forage sources (wheat silage, corn silage, sorghum silage, and 
bermudagrass hay). The forage sources listed in increasing particle size were corn silage, 
sorghum silage, wheat silage, and bermudagrass hay. Within each Latin square, steers were 
fed the three concentrate types and a single forage-type for 14 d periods and each steer was 
monitored the last 48 h of each period to determine the chewing rate. When bermudagrass 
hay was the roughage source, eating time was the greatest, compared to the silage sources. 
Bermudagrass hay and wheat silage did not differ in stimulation of chewing (time-min) by 
steers but stimulated greater chewing time when compared with the diets containing the corn 
or sorghum silages. The authors suggested chewing time of steers more effectively reflected 
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the roughage value (dependent on particle size of forage) of the feedstuff and concluded 
bermudagrass hay had the greatest roughage value in this study.  
Oltjen et al. (1965) fitted steers (360 kg) with esophageal and ruminal cannulas, and 
utilized them in a 4 × 4 Latin square. Steers were fed one of four dietary treatments twice 
daily at 1.25% BW. Dietary treatments included a purified diet containing 50% wood 
cellulose and 14% corn starch (fed loose or as 16-mm pellets) or a conventional diet 
containing 65% timothy hay (ground at 10-mm) and 15% molasses (fed loose or as 16-mm 
pellets). Periods included a 16 d adaptation period before total salivary collections were taken 
2 h post-morning feeding for 90 min during two consecutive days (6 times at 15 min 
intervals). Measurements collected included total salivary flow, pH, and buffering capacity. 
The authors reported that steers fed pelleted diets had lesser rumination time, decreased 
buffering capacity of saliva, and decreased salivary flow, to which they concluded the 
pelleted diets decreased the ability of saliva to modulate changes in a more acidic 
environment. One of the primary purposes of roughages in the diet is to stimulate rumination, 
increase chewing time, and increase secretion of salivary buffers to increase ruminal pH. The 
inability of pelleted roughages to modulate ruminal pH decreases the value of including it in 
the diet. According to Oltjen et al. (1965) and Sudweeks et al. (1975), roughages with greater 
particle size have a greater effect on chewing and salivary output then smaller particle size 
roughages. Therefore, when choosing roughage to include into high S diets, particle size 
should be taken into consideration. The greater particle size will stimulate greater salivary 
buffers entering the rumen and thus increasing ruminal pH. A higher ruminal pH has been 
shown in aid in decreasing ruminal H2S concentrations, reducing the risk of S toxicity.  
 
26 
 
Roughage Buffering Capacity 
The second avenue to increasing ruminal pH is the natural buffering capabilities of 
dietary feedstuffs, specifically roughages. Vasconcelos and Galyean (2007) evaluated the 
beef cattle feeding trends in the Midwest, High Plains, and Southwest areas of the United 
States and reported corn silage as the primary source of roughage and alfalfa as the most 
common secondary source. According to the nutritional consultants surveyed, roughage 
inclusions of finishing diets in the summer ranged from 4.5 to 13.5% with the average being 
8.3% (Vasconcelos and Galyean, 2007). Roughages are commonly added to high concentrate 
diets to decrease the risk of acidosis and avoid decreased performance when cattle enter the 
feedlot.  An example of the detrimental effects of high concentrate feedlot diets is shown by 
a study completed by Loerch (1990) where diets included an 85% (with 15% corn silage) or 
100% high moisture corn-based diet (HMC). Loerch (1990) reported the 100% concentrate-
fed steers had the lowest DMI and ADG from d113 to 167, suggesting that there may be a 
quadratic effect on cattle performance due to the length of time that cattle are on high 
concentrate diets.   
The addition of roughage at low inclusion rates (3.75 to 10%) to high concentrate 
diets has been shown to increase DMI and ADG (Kreikemeier et al., 1990, Stock et al., 1990; 
Huffman et al., 1992; Shain et al., 1999; Farran et al., 2006). Huffman et al. (1992) fed a total 
of 328 beef feedlot steers and heifers in a 2 × 3 factorial design with 0 or 7.5% roughage 
(alfalfa and corn silage mix) and 0% fat, 4% fat tallow, or 4% vegetable oil blend in a DRC-
based diet. Compared to no roughage, the 7.5% inclusion of roughage increased DMI by 
17% and increased ADG by 14% (Huffman et al., 1992). Even though the steers fed 7.5% 
roughage experienced increased gains, they tended to be less efficient. Farran et al. (2006) 
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fed 0 or 35% wet corn gluten feed and 0, 3.75, or 7.5% alfalfa hay in replacement of DRC to 
192 crossbred steers for 132 d. The addition of roughage linearly increased DMI, ADG, and 
HCW (Farran et al., 2006).   
Kreikemeier et al. (1990) fed a steam rolled wheat-based diet with no roughage or 5, 
10, or 15% alfalfa/corn silage mix to 126 steers for 120 d. With the increasing amount of 
roughage in the diet, DMI increased. There was a quadratic effect in cattle G:F, with a 
positive response from the addition of roughage from 0 to 5% that is likely due to increased 
rumination and salivary buffer. The decrease in G:F in cattle fed 15% roughage may be a 
result of replacing the high concentrate with roughage and, thereby, decreasing the energy in 
the diet. The authors performed a second experiment utilizing a 6 × 6 Latin square design to 
evaluate the effect of 0, 5, or 15% alfalfa inclusion in a steam rolled wheat diet that was fed 
to six Angus × Hereford steers twice daily at two or three times the NE required for 
maintenance. Here, the authors found increasing roughage increased ruminal liquid passage, 
rumen fiber fill, and total VFA concentration. The two experiments together suggest that 
increased DMI resulted in an increased microbial efficiency due to the greater amount of 
substrate available and greater liquid turnover rate. This subject may result in an overall more 
desirable rumen environment for digestion (Kreikemeier et al., 1990).  
 
Neutral Detergent Fiber  
  As stated earlier, the inclusion of roughage increases ruminal pH, but not all sources 
have an equal effect on ruminal pH. The NDF of roughage does not account for physical 
characteristics that affect digestive kinetics. The physical characteristics of roughage can be 
measured by particle size, particle shape, moisture and density; and these combined 
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measurements are defined as effective NDF (eNDF; Mertens, 1997). Utilizing eNDF as an 
indicator of roughage value has been shown to be more effective in optimizing responses in 
ruminal fermentation, amount of chewing, and ruminal pH (Mertens, 1997; Shain et al., 
1999). Figure 3 illustrates the relationship between both eNDF and NDF and ruminal pH. 
 
Since the use of forages in the diet can be expensive, Loerch (1991) examined the 
effect of polypropylene pot scrubbers (10 × 7 cm) as a substitute for roughage. Steers were 
fed a 100% concentrate diet (HMC) in a metabolism study with four ruminally cannulated 
Holstein steers in a 4 × 4 Latin square design. On d 1, steers had 0, 4, 8, or 12 pot scrubbers 
placed into the rumen and were allowed to adapt over the first 10 d of the period, with 
ruminal measurements collected on d 11 and 14.  The pot scrubbers had no effect on 
digestibility and did not affect rumen pH. Therefore, the authors concluded they were too 
large to stimulate rumination. However, the addition of pot scrubbers did aid in decreasing 
the incidence of acidosis, likely due to the pot scrubbers stimulating ruminal epithelium 
growth (Loerch, 1991). Similarly, ruminal pH did not differ when four Hereford steers were 
fed one of four dietary treatments of 0, 7, 14, or 21% cottonseed hulls included in a whole 
Figure 3. Data from Pitt et al. (1996) have been adapted to illustrate the general trend of the 
relationship between ruminal pH and both total dietary NDF and effective NDF (eNDF). 
% eNDF 
% NDF 
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shelled corn-based diet (Cole et al., 1976). The authors concluded cottonseed hulls did not 
have a large enough physical size to induce rumen motility, which would have aided in 
increasing ruminal pH (Cole et al., 1976). 
 
Buffer Additives  
Added dietary buffers affect ruminal conditions by aiding in modulation of ruminal 
fluid pH or by increasing ruminal pH.  A buffer must be a weak acid/base or salt that is water 
soluble and have a pKa similar to the normal pH of what is to be buffered (Erdman, 1988).  
The ideal buffer should be able to lessen the increase H
+
 concentrations over the fermentation 
period or be active when the majority of the acid is produced in the rumen (Le Ruyet and 
Tucker, 1992). Le Ruyet and Tucker (1992) performed an in vitro study to evaluate the 
buffering capacity of 0.5 g of sodium bicarbonate (NaHCO3), 0.5 g of sodium 
sesquicarbonate (SSC), 0.5 g of magnesium oxide (MgO), or 0.5 g of multielement buffer 
(MEB; comprised of SSC, MgO, and potassium chloride), when incubated in ruminal fluid 
[collected from Holstein cows fed a 68:32 ratio (DM basis; concentrate to sorghum silage) 
diet] for 48 h at 39
◦
C. The authors defined buffering capacity as the resistance of a change in 
pH from a pH of 7 to 5. Within 12 h, the buffering capacities of SSC and NaHCO3 were 
spent. The rapid buffering response from SSC and NaHCO3 suggests the purpose of SSC and 
NaHCO3 buffering activity is associated with the ability to lessen the increase of H
+
 
production from fermentation. Alternatively, MEB and MgO became active at a much slower 
rate, maximizing their buffering capacity at 24 h, and being more effective at stabilizing the 
ruminal pH acid base balance. Although Le Ruyet and Rucker (1992) found the buffering 
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capacity of some buffers to last 24 h, a review of the use of dietary buffers in dairy cattle 
found the average peak buffering capacity to be 4 to 8 h post feeding (Erdman, 1988). 
 It is well-documented that ruminal buffers can improve cattle response to high starch 
diets by modulating the acid-base status (Boerner et al., 1987; Zinn, 1991).  Boerner et al. 
(1987) compared the buffering capacity of trona (similar to SSC) and NaHCO3 supplemented 
at 1% (DM basis) in a 50 or 90% cracked corn-based diet fed to six ruminally cannulated 
steers in a 6 × 6 Latin square. The authors found trona to be more effective in increasing 
ruminal pH and decreasing the time spent below the mean pH of the control diet than 
NaHCO3. But both buffers increased ruminal pH when compared to non-buffer controls 
(Boerner at al., 1987). Suggesting the use of a dietary buffer is beneficial in modulating 
ruminal pH and sustaining a healthy microbial environment because the magnitude of pH 
drop is lessened. Furthermore, Zinn (1991) utilized two experiments, a feedlot study and a 
metabolism study, to determine the feeding value of SFC or steam flaked sorghum-based 
diets including a dietary buffer (0 or 0.75% NaHCO3). There was no significant interaction 
between grain type and the addition of NaHCO3. As expected, there was an increase in 
ruminal pH measured 4 h post-feeding (5.87 and 6.23 from 0 and 0.75% NaHCO3, 
respectively) when NaHCO3 was introduced into the diet. Along with an increase in ruminal 
pH, the addition of NaHCO3 also increased ADG by 5.9% and DMI by 4.6%, suggesting the 
buffering capacity of NaHCO3 may have increased overall rumen health (Zinn, 1991).  
Additionally, Farran et al. (2003) utilized six ruminally cannulated heifers to 
investigate the addition of dietary buffers to diets with a mixture of HMC, DRC, and 7.5% 
ground alfalfa hay. The six dietary treatments included no buffer as a control, 0.75% Acid 
Buf (manufactured feed additive from calcareous marine algae), 1.25% Acid Buf, 1.25% 
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NaHCO3, Rumensin at 0.03 g/kg, and 0.75% Acid Buf with Rumensin at 0.03 g/kg. The 
inclusion of Acid Buf and NaHCO3 increased the average, minimum, and maximum ruminal 
pH (measured over a 24 h period by a ruminal indwelling probe) and decreased the time 
spent below a pH of 5.6 compared to control. Farran et al. (2003) hypothesized that starch 
utilization was the greatest during the day, specifically between 5.5 and 8.5 h post-feeding 
because during that time total VFA and propionate concentrations were the greatest. If starch 
utilization and the production of VFAs is the greatest 5.5 to 8.5 h post-feeding, it would be 
the most beneficial to select a buffer that is at peak activity during that time to aid in 
modulating the ruminal pH.  
Thomas and Hall (1984) investigated the effects of buffers on concentrate-based diets 
versus roughage-based diets to see if there was an additive effect of buffers on cellulose 
digestion. In trial 1, 50 steers (325 kg) were fed one of five dietary treatments which included 
1) control, 62% cracked corn and 20% cottonseed hulls, 2) 1.0% NaHCO3, 3) 2.5% NaHCO3, 
4) 1.0% tetrasodium pyrophosphate, and 5) 2.5% tetrasodium pyrophosphate for 70 d. Steers 
fed the control diet had a rumen pH of 6.0 at 2 h post-feeding which decreased further to 5.4 
at 5 h post-feeding, but steers fed 2.5% NaHCO3 had a ruminal pH above 6.0 throughout the 
sample period. In trial 2, 45 steers (275 kg) were fed the same dietary treatments for 70 d but 
the control diet included 7% cottonseed hulls, 40.5% coastal bermudagrass, and 2% 
dehydrated alfalfa meal. In trial 1, the ruminal pH did not change with the addition of buffers 
as noted in trial 2. This difference may be a result of the control diet used in trial 2 had 1.7 
times the buffering capacity than trial 1 from the greater inclusion of roughage. There was 
also no additional performance improvement with the addition of dietary buffers in 
roughage-based diets (Thomas and Hall, 1984). Crawford et al. (2008) investigated the effect 
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of calcium magnesium carbonate (CaMg(CO3)2) included in a SFC-based diet fed to 192 
crossbred steers and five ruminally and duodenally cannulated steers for two separate 
experiments. Treatments for the 5 × 5 Latin square experiment were 1) 3.8% roughage, no 
CaMg(CO3)2,  2) 7.6% roughage, no CaMg(CO3)2,  3) 11.4% roughage, no CaMg(CO3)2,  4) 
3.8% roughage, 1.5% CaMg(CO3)2, and 5) 7.6% roughage, 1.5% CaMg(CO3)2. The increase 
in roughage tended to increase the ruminal pH and decrease the time spent below a pH of 6.2. 
An analogous experiment used six ruminally cannulated steers fed three concentrations of 
roughage (4.5, 8, and 13.5%) with or without 1% CaMg(CO3)2. Steers fed 4.5% roughage 
experienced the greatest time below a ruminal pH of 5.6, but the average pH increased 
linearly by 0.17 units when roughage increased from 4.5 to 13.5% (Crawford et al., 2008).  
 
Results of Acidic Ruminal pH 
Acidosis is a common nutritional disorder in beef feedlot cattle, caused by the rapid 
increase in readily available carbohydrates, which results in an accumulation of ruminal and 
blood lactate (Owens et al., 1998). To avoid increased costs associated with cattle 
experiencing acidosis, cattle feeders should be aware of critical periods when cattle are most 
susceptible to acidosis. These include: starting cattle on high concentrate diets, length of time 
feeding a high concentrate diet, if cattle overeat after a fasting period, and if the weather 
changes (Elam, 1976). 
Acidosis can be separated into acute and subacute acidosis, with subacute acidosis 
being the most common in feedlots from the rapid transition to high concentrate diets. 
Symptoms of acute acidosis include increased ruminal lactate concentrations, decrease in 
urine, blood, and rumen pH, rumen stasis, rumenitis, dehydration, and diarrhea. In severe 
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cases, these symptoms can lead to death (Uhart and Carroll, 1967; Elam, 1976; Owens et al., 
1998). In contrast, subacute acidosis is most often characterized by a decreased DMI and 
most cattle do not show the clinical signs that are typically observed in cases of acute 
acidosis (Cooper and Klopfenstein, 1996; Owens et al., 1998). A ruminal pH of 5.6 
(subacute) and 5.2 (acute) is the benchmark for clinical diagnosis of acidosis, but blood 
acidity can also be used as a measurement for diagnosis (Cooper and Klopfenstein, 1996). 
Management practices such as limiting the extent to which grains are processed, including 
greater amounts of roughage in cattle diets, and limit feeding cattle can all decrease the risk 
of acidosis (Elam, 1976). However, these practices are not necessarily economical for a 
producer because they often result in depressed cattle performance and increased dietary 
costs associated with increased roughage inclusion. 
This subject was demonstrated by Uhart and Carroll (1967) who induced acidosis in 
eight Hereford steers (190 kg) by switching the diet from ad libitum chopped alfalfa hay to a 
high concentrate diet (45% rolled barley, 45% milo, and 10% chopped alfalfa hay) without 
any adaptation period. Samples of blood, urine, and rumen contents were collected during 4 
stages; prior to the diet switch, when steers stopped eating, when steers resumed eating, and 5 
d after the steers resumed eating (termed stabilization). Ruminal samples were analyzed for 
VFA and lactate concentrations. Steers with acidosis experienced anorexia, diarrhea, 
dehydration, and lethargy. Lactate and VFA are the end products of microbial fermentation 
of carbohydrates (Owens et al., 1998). When steers were fed the alfalfa diet, there was lactate 
present in low concentrations of 0.10 mM/L. But after the abrupt diet switch to a concentrate-
based diet, the total amount of VFA and lactate produced increased dramatically with lactate 
accumulating in the rumen to a concentration of 99.96 mM/L. The authors concluded the 
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accumulation of acids caused a decrease in pH (6.98 and 4.81, for the alfalfa and concentrate 
diets, respectively), which ultimately resulted in severely depressed DMI. The steers did not 
resume eating until 2 to 6 d later; therefore, ruminal pH and lactate concentrations did not 
return to values similar to those before the diet switch until at least 5 d after the steers 
resumed eating. The authors proposed one of two scenarios may have occurred in the rumen 
while steers were not consuming DM. One, the microbial ecology of the rumen adapted to 
the high grain diet by shifting the microbial population to reflect the new diet. Or two, there 
was an alteration in the ability of microbes to utilize different fermentation intermediates or 
the microbes began to produce end products at an altered rate. The authors suggested that 
while steers were not consuming DM, the ruminal concentration of lactate utilizing and 
amylolytic bacteria increased, which stabilized ruminal microbial balance. It may be 
important to decrease the time necessary to stabilize ruminal microbial balance in order to 
maintain cattle DMI.  
Fulton et al. (1979) utilized a cross over design with four ruminally cannulated 
Hereford steers (250 kg) fed two different grain sources during two periods (20 d each) to 
examine the effect of grain-based diets on acidosis in cattle. Dietary treatments included 
concentrate inclusions of 35, 55, 75, and 90%. During the 20 day period the steers were fed 
for 5 d one concentrate inclusion and then fed the next increasing concentrate inclusion. The 
concentrate (corn or wheat) replaced soybean meal and corn cobs in the diet to achieve the 
desired inclusion rate. Feed intake, ruminal pH, and ruminal fluid samples were taken every 
d at h 1, 2, 3, 4, 6, 8, 10, 12, 14 and 24 after feeding. In all four steers, until 8 h post-feeding 
the ruminal pH decreased and then slowly increased to the highest ruminal pH prior to 
feeding. Lactate concentrations had the inverse response. Steers fed the corn diets had greater 
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DMI than steers fed the wheat diets. Within the corn fed steers, cattle DMI was greatest on d 
1 of each dietary treatment and oscillated for the rest of the period. Dry matter intake 
decreased when ruminal pH was approximately 5.6 but recovered when ruminal pH 
increased. These results suggest DMI oscillation is due to changes in ruminal pH.   
Supporting Uhart and Carroll (1967) and Fulton et al. (1979), an acidic environment 
can be detrimental to microbial growth because the microbes direct energy toward 
maintaining intracellular pH rather than growth (Russell et al., 1979). Ten strains of rumen 
microbes were grown by Russell and Dombrowski (1980) in energy-limited (glucose or 
cellobiose) continuous cultures at a pH of 6.75, which was lowered every 24 h by 0.3 pH 
units with HCl to test the pH tolerance of the microbes [Selenomonas ruminatium HD4, 
Megasphaera elsdenii B159 (M. elsdenii), Butyrivibrio fibrisolvens A38, Streptococcus bovis 
JB1 (S. bovis), Lactobacillus vitulinus GAl, Bacteroides ruminicola B14, B. ruminicola 
GA33, Ruminococcus albus 7, Ruminococcus flavefaciens C94, and Bacteroides 
succinogenes S85]. The cellulolytic species (B. fibrisolvens, R. flavefaciens, R. albus, and B. 
succinogenes) all washed out (the growth rate no longer equaled the dilution rate) at a pH 
above 5.70 and had high amounts of cellobiose remaining in the culture. Megasphaera 
elsdenii increased cell yield until pH 5.75, but decreased when pH was lower than 5.50. 
Streptococcus bovis increased lactate production below pH 5.75 and lactate accumulated 
below pH 5.2 until washout occurred at a pH of 4.55. Below 5.2, S. bovis rapidly increases 
the lactate production and accumulation below 5.2 is important in the onset of acute acidosis 
(Russell and Dombrowski, 1980). Knowledge of preferential environments for microbial 
growth and microbial population dynamics is important for optimizing ruminal fermentation.  
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During adaptation to a high-grain diet, Fernando et al. (2010) evaluated the microbial 
population via terminal restriction fragment length polymorphism analysis of isolated total 
DNA and quantitative real-time PCR analysis of ruminal contents sampled 7 d after 
adaptation to each diet. Four ruminally cannulated beef steers were fed step-up diets (1 week 
per step-up) to transition from a forage diet (prairie hay) to a high-grain diet (forage to 
concentrate ratios of 80:20, 60:40, 40:60, and 20:80). Four additional cannulated steers were 
fed prairie hay throughout the trial to serve as controls. When steers were adapted from 
forage to high concentrate diets, the number of the different microbial species present did not 
significantly change. However, by the end of the adaptation period, the composition of 
species present in the rumen shifted considerably to reflect the new ruminal environment (pH 
and substrate), which is depicted in Fig. 4. As the steers were gradually introduced to a high 
concentrate diet, cellulolytic bacteria such as Fibrobacter succinogenes and Butyrivibrio 
fibrisolvens declined 40-fold and 20-fold, respectively, relative to animals fed a forage diet. 
The decrease in these species can be attributed to the lesser amounts of available fibrous 
substrate due to the increased proportion of readily fermentable starch in the rumen, which 
caused a decrease in ruminal pH. Microbial species related to starch digestion, Prevotella 
bryantii, increased exponentially (8,000-fold) at the beginning of the adaptation but then 
decreased by the end of the feeding period. Although the concentrate was gradually 
increased, S. bovis, a predominate lactate producing species, slightly increased during the 
first step-up diet but did not change thereafter. Megasphaera elsdenii, a major lactic acid 
utilizing species, demonstrated an 11-fold increase compared to animals fed a forage diet but 
then decreased by the last step-up diet. The decrease in species proliferation toward the end 
of the feeding period was attributed to the acidic ruminal pH. Khafipour et al. (2009) also 
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reported comparable shifts of increased presence of S. bovis, M. elsdenii, and decreased 
presence of Fibrobacter succinogenes when inducing acidosis by increasing the amount of 
concentrate in dairy cow diets.  
 
 
Russell and Dombrowski (1980), Khafipour et al. (2009), and Fernando et al. (2010) 
demonstrated the diversity of microbial species present in ruminants fed high forage versus 
high concentrate. These results show the wealth of the bacterial populations within the 
dynamic rumen environment. The rumen environment exerts great influence on the metabolic 
capabilities of the microbes and this is reflected in the digestibility of feedstuffs entering the 
rumen. However, it is unknown how microbial changes affect S metabolism, which causes 
concern when increasing the amount of concentrate in cattle diets containing high 
concentrations of S. When feeding high concentrate beef feedlot cattle diets, the ruminal 
environment easily becomes acidic and may lead to acidosis (pH < 5.6). When cattle enter 
the feedlot and are introduced to a high concentrate diet, acidosis may occur and cause cattle 
to dramatically decrease DM, thus cattle do not gain weight. This is not economically 
Fibrobactor succinogenes 
Butyrivibrio fibrosolvens 
Streptococcus bovis 
Megashaera elsdenii 
Figure 4. General trends based on data adapted from Fernando et al. (2010) of fold 
changes in ruminal bacteria due to ruminal pH. 
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efficient due to the loss in gains and feed wastage. Furthermore it is unknown what, if any, 
permanent effects are caused by early onset acidosis.   
In order to avoid the potential negative effects of an acidic ruminal environment such 
as decreased DMI, decreased microbial activity, acidosis, and increased H2S concentrations, 
precautionary management steps should be taken. Introducing a buffer that is a weak water 
soluble acid/base or salt with a pKa similar to the normal ruminal pH typically increases 
ruminal pH immediately after feeding but does not have a lasting effect on the modulation of 
ruminal fluid pH. Conversely, increasing dietary roughage increases ruminal pH by 
increasing rumination and saliva flow, which contributes a substantial amount of the 
bicarbonate entering the rumen. Unlike additive buffers, increasing the inclusion of roughage 
has the potential to aid in decreasing the amount of daily pH fluctuation caused by high S 
diets. This is important because an increased ruminal pH results in a decreased proportion of 
ruminal sulfide that is present as H2S, thus decreasing the risk of S toxicity. However, 
feeding greater amounts of roughage and other prevention practices are not always 
economical for the cattle feeder. The opposing economics related to management practices 
known to decrease the risk of an acidic pH and the goal to increase cattle performance poses 
a question of how to best optimize roughage concentration to avoid S toxicity and maintain 
cattle performance. 
  
ROUGHAGE 
Recent data suggest including forage in high S feedlot diets above the typical 6 to 8% 
of DM may decrease the risk for S toxicity (Vanness et al., 2009b; Nichols et al., 2013).  
Increasing roughage inclusion in feedlot cattle diets has also been shown to increase time 
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spent chewing, saliva secretion, and the amount of buffer in the rumen (Balch, 1958; Bailey 
et al., 1961; Balch, 1971; Owens et al., 1998). Thus, increasing forage intake should increase 
ruminal pH, aid in decreasing the extent of daily fluctuation in ruminal pH, increase fiber 
digestion, and may decrease ruminal concentrations of H2S in cattle fed high S diets. 
However, increasing roughage in place of high energy feedstuffs can cause a dilution of 
dietary energy and may have negative impacts on feedlot cattle growth and efficiency 
(Calderon Cortes and Zinn, 1996; Benton et al., 2007; Hales et al., 2013). 
 
Fiber Digestion 
Decreased fiber and effective fiber intake cause a chain of events within the rumen 
that may cause permanent damage to the rumen wall (Parish and Rhinehart, 2007). 
Rumination is decreased when there is not an adequate amount of eNDF in the diet, which 
decreases the amount of bicarbonate entering the rumen from saliva (Owens et al., 1998). 
The limited amount of bicarbonate in the ruminal fluid results in a lower pH, which decreases 
microbial growth, especially of cellulolytic bacteria (Owens et al., 1998; Parish and 
Rhinehart, 2007). In the microbiota, cellulolytic bacteria function to digest cellulose, 
resulting in VFA production which is an energy source for the ruminant. Additionally, 
without the necessary fiber, the rumen mat cannot function properly resulting in decreased 
feed retention time. The combination of decreased rumen pH and feed retention time 
consequently results in decreased fiber digestion because of the decreased activity of 
cellulolytic bacteria and less time for microbial attachment to the substrate for digestion 
(Parish and Rhinehart, 2007).  
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Zebeli et al. (2008) demonstrated the ruminal changes associated with decreasing 
forage and increasing concentrate inclusion using four Holstein cows (665 kg) in a 4 × 4 
Latin square design. Diets included fine (6 mm) or long (30 mm) chopped grass hay and low 
(20% DM basis) or high (55% DM basis) inclusion of a concentrate mix comprised of wheat, 
barley, sugar beet pulp, soybean meal, and urea. Cattle were fed each diet for a 23 d period 
and ruminal contents were collected for fermentation profiles from the ventral rumen sac for 
free rumen liquid and below the rumen mat surface for particle-associated rumen liquid. 
During each period of the Latin square, the ruminal contents were incubated for 24 h in vitro 
to distinguish fermentation patterns, ruminal pH, gas production, and microbial profiles of 
the two rumen liquid collection sites. Within both roughage particle sizes, the high 
concentrate diet decreased the pH of particle-associated rumen liquid, which may have 
caused the decreased proportion of cellulolytic cocci present in both free and particle-
associated rumen liquid. Increasing dietary concentrate increased gas production at 12 h, but 
did not have greater gas production at 24 h, relative to ruminal liquid collected from cows fed 
the low concentrate diet. This suggests the amylolytic bacteria were active immediately after 
feeding but decreased activity over time. Therefore in high concentrate diets, the increased 
availability of starch increases amylolytic bacteria activity, which increases the amount 
fermentation end products such as propionic acid and decreases ruminal pH shortly after 
feeding. To avoid the negative effects of rapidly available starch in the diet, roughage may be 
added into the diet.  
In a study designed similarly to Zebeli et al. (2008), Yang et al. (2002) fed diets 
containing 60% barley-based concentrate and 40% of a alfalfa hay and alfalfa silage mixture 
(two different particle sizes of ground at 4 mm or chopped, particle size not specified) to four 
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Holstein cows (650 kg) for 21 d. In order to determine ruminal digesta kinetics, chromium-
mordanted NDF and cobalt-EDTA were used as markers. An increase in forage particle size 
resulted in a shift of starch digestion to the intestine as well as an increased ruminal pH. 
Additionally, as determined by the ratio of duodenal nitrogen flow to nitrogen concentration 
of mixed ruminal bacteria; microbial protein synthesis was increased with increased particle 
size. Shifting starch digestion from the rumen to the small intestine may have aided in 
creating a more favorable environment for fiber digestion by increasing ruminal pH and 
microbial protein synthesis. The increase in ruminal pH is likely caused by the decreased 
amount of acidic fermentation end products from starch digestion, which shifted to the small 
intestine.  
When feeding a substantial amount of readily available carbohydrates, fiber digestion 
may be decreased indirectly when ruminal pH is lesser than 6.8 (Mertens and Loften, 1980; 
Grant and Mertens, 1992). To illustrate this, McCullough (1968) fed three ruminally 
cannulated dairy steers corn silage or bermudagrass hay and flaked corn at ratios of 20:80, 
40:60, 60:40, or 80:20 (grain to forage). Ruminal fluid was sampled 11 h post-feeding and 
was used incubated in vitro at 39
◦
C for 48 h. The increasing addition of corn decreased 48 h 
cellulose disappearance due to the low ruminal pH (5.5). The depression in cellulose 
digestion is likely due to the fact that ruminal cellulolytic bacteria prefer a pH of 6.5 to 6.8 
for maximum growth and productivity. However, for approximately 70 to 80% of the 24-h 
period, ruminal pH of cattle fed high concentrate diets is below pH of 6.2 (Russell et al., 
1979, Grant and Mertens, 1992). Grant and Mertens (1992) developed a buffer and 
incubation system to incubate substrates (alfalfa hay, bromegrass hay, or corn silage) at a pH 
of 5.8 or 6.8 for 0, 12, 24, 48, 72, and 96 h.  The rate of fermentation of NDF in alfalfa hay 
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and corn silage was lesser at pH 5.8 compared to 6.2. Additionally, lag time before 
fermentation began was greater at a pH of 5.8 for all substrates. This result suggests that a 
decrease in ruminal pH decreases NDF digestion rate. A decreased NDF digestion rate may 
be due to the cellulolytic bacteria being inhibited by the low pH, thus unable to attach to fiber 
particles for degradation.  
 
Negative Associative Feed Effects  
With increasing inclusion of readily available starch in the diet from feedstuffs such 
as corn, the ruminal pH is decreased and the microbial populations shift toward a greater 
proportion of amylolytic bacteria. The inclusion of readily fermentable carbohydrates 
(starch) at greater than 30% of DMI can result in a substantial decrease in fiber digestion 
(Hoover, 1986). Moreover, a small decrease in fiber digestion may result from a moderate 
depression in pH (6.0) but when ruminal pH under severe depression (5.5), fiber digestion is 
significantly decreased (McCullough, 1968; Hoover, 1986; Grant and Mertens, 1992). This 
negative associative feed effect may further be defined as an interaction between feedstuffs 
in a diet which result in performance that is less than expected from the individual feedstuff.  
The negative impact of high concentrate diet on fiber digestion, was demonstrated by 
Graces-Yepez et al. (1997) by feeding twenty-four wethers ad libitum bermudagrass hay, 
supplemented to meet 25 or 50% of the estimated TDN intake with a corn-soybean meal mix 
(92.5% ground shelled corn), wheat middlings, soybean hulls, or no supplement. After a 14 d 
adaptation to the diet, voluntary intake and fecal collections were taken for 7 d. The NDF 
digestibility increased in sheep supplemented with soybean hulls compared to sheep 
supplemented the corn-soybean meal mix. The decrease in fiber digestion when fed with 
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starch may be attributed to the decrease in ruminal pH which lessens microbial attachment to 
fibrous particles for digestion.   
To alleviate the negative associative effect of high starch diets by replacing corn with 
soybean hulls, Orr et al. (2008) fed a supplement of cracked corn, soybean hulls, or a 75% 
soybean hulls and 25% cracked corn mix to steers at 1.5% the initial BW to six ruminally 
cannulated crossbred steers fed bermudagrass hay. Steer DMI tended to decrease with the 
addition of soybean hulls; however, the digestibility of NDF, ADF, and hemicellulose were 
greatest in steers fed soybean hulls. The decreased ruminal pH common in response to high 
concentrate diets may cause decreased DMI, fiber digestion, and may even decrease 
performance. In order to still receive the benefit of supplemental energy and optimize fiber 
digestion, many producers will feed a high-starch and high-fiber mixture (Orr et al., 2008). In 
the parameters of this study, the mixture of soybean hulls and corn increased NDF, ADF, and 
hemicellulose digestion compared to the corn-only supplement and was not statistically 
different than the soybean hulls supplement. This suggests that feeding a balanced amount of 
starch and fiber in a supplement may provide the additional energy boost without decreasing 
rumen function and fiber utilization.   
Fiber plays an instrumental role in maintaining rumen function and should be 
included in ruminant diets as Ferreira et al. (2011) illustrated in an experiment replacing corn 
with soybean hulls. Ram lambs (n = 16) were utilized in 15 d metabolism trial, and were fed 
one of four diets. Soybean hulls replaced corn at 15, 30, or 45% of the corn concentration on 
a dietary DM basis in a control diet was comprised of 70% corn and 0% soybean hulls. With 
the increasing amounts of soybean hulls in the diet, there was an increase in DMI, ruminal 
pH, and tendency for increased NDF digestibility. These results suggest the increased amount 
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of fiber in soybean hulls may lessen the negative effects of high concentrate diets on NDF 
digestibility. Morrow et al. (2013) investigated the effects of either 7 or 14% hay (DM basis; 
61.8% NDF) in cracked corn (71% DM basis) or DDGS (60% DM basis)-based finishing 
diets on ruminal fiber fermentation capabilities by measuring in situ dry matter disappearance 
(DMD) of soyhulls (73.6% NDF) after 24 or 48 h incubation. The experiment was a 4 × 4 
Latin square design with 8 Angus-cross ruminally cannulated heifers fed diets for a 16 d 
adaptation period followed by 1 d of ruminal measurements and a 2 d in situ incubation 
period. The inclusion of DDGS increased in situ DMD compared to corn, and regardless of 
energy source, the inclusion of hay tended to increase soyhull DMD (Morrow et al., 2013).  
The increased DMD of soyhulls may be due to the increasing fiber in the diet increasing 
ruminal pH thus creating a more favorable rumen environment for cellulolytic bacteria. A 
more favorable environment for cellulose digestion may result in a more complete digestion 
of hay and the highly fibrous DDGS.  However, DDGS alone may not provide the same 
effect on fiber digestion as roughage. 
Uwituze et al. (2010) completed a metabolism study with 12 Holstein steers in two 17 
d experiments utilizing one of four dietary treatments arranged in a 2 × 2 factorial 
arrangement of SFC-based diets containing 11% corn silage or 6% alfalfa hay, with or 
without 25% DDGS. Ruminal pH was lowest for all diets 4 h post-feeding and remained low 
until 14 h post-feeding. The low ruminal pH may be reflective of the inability of DDGS to 
provide physically effective fiber to the diet and the acidity of the DDGS themselves. This 
low ruminal pH may inhibit NDF digestibility. Thus, it may be more effective at add 
roughage to the highly fibrous DDGS to optimize the digestion of fiber in both feedstuffs.  
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Quinn et al. (2011) fed two ruminally cannulated Jersey crossbred steers (635 kg) a 
60% SFC-based diet with ground alfalfa hay and collected ruminal fluid from both steers, 
which was blended together and utilized for the in vitro DMD experiment. The substrate 
cultures were incubated with one of seven dietary treatments for 6, 12, 18, 24, 36, and 48 h at 
39
◦
C. The control treatment was a SFC-based diet with 10% alfalfa hay. The other treatments 
included 15 or 30% (DM basis) WDGS and one of three roughage sources, which were 
included in the diet to provide NDF at or an amount that was equal to the NDF of a 7.5% 
alfalfa hay inclusion. Roughage sources included alfalfa hay (55.9% NDF), bermudagrass 
hay (75.8% NDF), and sorghum silage (63.1% NDF). Diets including bermudagrass hay 
tended to have greater DMD than sorghum silage at 6 and 36 h of incubation, whereas alfalfa 
hay diets had the greatest DMD at 18 h incubation. The differences observed in fiber sources 
in these studies (Uwituze et al., 2010; Quinn et al., 2011) suggest that roughage eNDF should 
also be taken in consideration when selecting roughage source to include in high concentrate 
diets.  In a literature analysis conducted by Galyean and Defoor (2003), the data support the 
recommendations of Quinn et al. (2011) and indicated that eNDF described the change in 
DMI more completely than total NDF. However, Galyean and Defoor (2003) suggested 
eNDF may not be a practical measure for producers and may only separate roughage 
differences for certain roughages. Galyean and Defoor (2003) suggested for every 5% 
increase of roughage DM inclusion or increase in the fibrous characteristic of the roughage, 
an increase in DMI should be observed.  
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Energy Dilution with Roughage Inclusion 
Kreikemeier et al. (1990), Calderon-Cortes and Zinn (1996), and Benton et al. (2007) 
collectively observed an increase in DMI when roughage increased to 12 to 16% of the diet 
likely because of the dilution of energy in the diet. Decreasing roughage inclusion may 
improve growth performance, as suggested by Calderon-Cortes and Zinn (1996) who fed a 
SFC-based diet with dietary concentrations of 8 and 16% sudangrass hay ground through 
either a 2.5 or 7.6 cm screen. Thirty-two crossbred steers (297 kg) were blocked by weight 
and randomly assigned to treatment for the 80 d experiment. As hay inclusion increased from 
8 to 16% of diet DM, the NEg in the diet, ADG, and feed efficiency of steers decreased. 
Cattle fed the 16% hay diet also had decreased energy intake, which was reflected in the 
decreased ADG. Likewise, Kreikemeier et al. (1990) fed increasing dietary roughage (0, 5, 
10, or 15% corn silage-alfalfa hay mix) in a steam-rolled wheat-based diet to 126 crossbred 
steers (334 kg) in a 120 d feedlot trial. With the increase in dietary roughage, DMI increased 
linearly; however, ADG, G:F, and HCW demonstrated a quadratic effect with the steers fed 5 
or 10% roughage having greater performance. The quadratic effect of roughage inclusion is 
likely due to the energy dilution of the diets, with the 15% roughage diet containing the least 
available NE for maintenance and gain. The benefit in increasing roughage from 0 to 5% is 
likely due to the increased buffering capacity caused by the increased rumination and saliva 
flow associated with addition of roughage. Ruminal buffering capacity is important in 
modulating ruminal pH and rumen function.  
 In a feedlot growth-performance trial (n = 385 steers), Benton et al. (2007) 
investigated the addition of dietary roughage to finishing cattle diets containing 30% WDGS 
and approximately 60% of a DRC and HMC mixture. The seven dietary treatments (n = 55 
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per treatment) included: control with no roughage, the addition of alfalfa (6 or 8% DM 
basis), the addition of corn silage (6 or 12%), or the addition of corn stalks (3 or 6%). The 
amounts of roughage sources in the diet were balanced on a NDF basis which is reflected in 
the percentages of the roughage present in the diet. The control diet without roughage 
resulted in lesser DMI, ADG, and final BW. Increasing roughage in the diet resulted in an 
increase in DMI and ADG. The increase in DMI may be due to the energy dilution occurring 
from roughage replacing high energy corn, which resulted in steers consuming more to meet 
their energetic demands. The authors concluded that roughage sources may be substituted 
without any negative effects on cattle performance if replaced on an equal NDF basis. 
Likewise, Hales et al. (2013) evaluated growth performance of steers (n = 128) fed a DRC-
based finishing diet with 2, 6, 10, and 14% alfalfa hay (DM basis) for 175 d. The diets also 
contained 25% WDGS and the alfalfa hay replaced DRC. The authors suggested the 
inclusion of 6% alfalfa hay for optimal ADG and G:F and only a small increase in DMI. 
However, this suggestion is based on diets that contained approximately 0.3% dietary S, thus 
a 6% roughage inclusion could place cattle at risk for S toxicity in moderate or high S diets. 
Although there are benefits to adding roughage to beef feedlot diets in regards to increasing 
ruminal pH and fiber digestion, future research needs to examine how much dietary roughage 
should be included without having detrimental effects on cattle performance. 
 
Sulfur by Roughage Interaction 
The addition of roughage to high-S diets may lessen the risk of S toxicity. A 
collection of data by Vanness et al. (2009b) across several years from 4,143 cattle fed ethanol 
co-product-based diets assessed the incidence of S-PEM. Of the 23 cattle that were removed 
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from the whole data set due to suspected S-PEM, 11 were fed a diet with no roughage and 
0.47% S and removed from the analysis because the diet did not contain the typical 6 to 7.5% 
roughage. This high number of S-PEM within one dietary treatment demonstrates the 
importance of roughage inclusion in reducing risk of S-PEM. Of cattle consuming diets with 
the typical roughage inclusion and 0.47 to 0.56% S, the S-PEM incidence rate was 0.35% 
and increased when dietary S increased above 0.56%. Additionally, Vanness et al. (2009a) 
fed seven ruminally cannulated steers 0, 7.5, or 15% grass hay in co-product diets ranging 
from 0.41 to 0.47% S. The authors measured H2S concentrations after 7 d of diet adaptation 
and the cattle fed no roughage had a 2.3 times greater ruminal H2S concentrations than cattle 
fed 7.5% roughage. This subject further supports the conclusion of the earlier data analysis, 
that roughage plays an important role in prevention of S-PEM.  
The importance of roughage, measured on an NDF basis, was analyzed in a meta-
analysis of 80 finishing trials by Nichols et al. (2013). Across these trials cattle were fed diets 
with 0, 4, and 8% NDF (DM basis) and dietary S concentrations ranging from 0.12 to 0.73% 
S, and RAS was estimated to account for differences in S available for reduction by SRB. 
There was an interaction between dietary S and NDF on the incidence of S-PEM. According 
to these authors, when RAS is accounted for, the frequency of S-PEM decreases 19% for 
every 1% of NDF included in the diet (Nichols et al., 2013).   
However, not all experiments have shown an interaction between dietary S and 
roughage inclusion. Morrow et al. (2013) used eight Angus-cross ruminally cannulated 
heifers in a 4 × 4 Latin square design with dietary treatments of 7 or 14% hay (DM basis; 
61.8% NDF) in cracked corn (71% DM basis) or DDGS (60% DM basis)-based finishing 
diets. Including 14% hay in diets increased ruminal pH during 0 to 3 h post-feeding, but had 
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no effect on ruminal H2S concentration. However, steers fed diets including DDGS had 
increased H2S concentrations 0 to 12 h post-feeding with peak measurements of 4,500 mg/L 
compared to steers fed corn diets that maintained the low H2S concentrations throughout the 
day (~150 to 300 mg/L). The difference in H2S concentration due to energy source is likely 
caused by the greater amount of S present in the DDGS diets compared to corn, averaging 
0.45% and 0.13% S, respectively. A comparable study utilized two concentrations of S 
(0.28% and 0.56%) from DDGS and calcium sulfate and three concentrations of grass hay (5, 
10, and 15%, DM basis) to examine the effects of roughage inclusion in high S diets on 
performance of feedlot cattle (Huber et al., 2012). In both studies, there was not a roughage 
by S interaction. But Huber et al. (2012) reported that increasing roughage in the diet 
increased DMI, while increasing dietary S decreased DMI. However, there was no decrease 
in cattle ADG with the inclusion of S or roughage in the diet.  
Increasing inclusion of dietary roughage in high S feedlot diets may decrease the risk 
of S-PEM by increasing rumination, salivary flow, and ruminal pH (Shain et al., 1991; 
Owens et al., 1998).  The results of the literature suggest the increase in ruminal pH is the 
mechanism behind the positive effects of added roughage on lessening of S toxicity because 
of decreased ruminal H2S concentrations. However, it has been historically thought that by 
increasing dietary roughage there would be negative effects on cattle performance due to the 
energy dilution effect (Calderon-Cortes and Zinn, 1996). Recent research has shown 
roughage inclusion up to 15% in high S diets did not result in decreased cattle ADG or G:F 
(Huber et al., 2012).  
Increasing dietary starch in ruminant diets is beneficial for feedlot cattle producers 
because it provides an energy-dense diet to support cattle growth, despite potential negative 
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impacts on rumen function. Increasing readily fermentable feedstuffs in the diet may have a 
negative effect of fiber digestion because of the decrease in ruminal pH and cellulolytic 
bacteria activity (Graces-Yepez et al., 1997; Ferreira et al., 2011). However by including 
DDGS in cattle feedlot diets, which are highly fibrous, there may be an increase in fiber 
available for digestion. The combination of DDGS and roughage may overcome the acidic 
nature of DDGS supporting greater fiber digestion and allow the animal to overcome dietary 
energy dilution as a result of displacing high energy feedstuffs like corn with roughage.  
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CHAPTER 3. 
DETERMING THE INFLUENCE OF DIETARY ROUGHAGE 
CONCENTRATION AND SOURCE ON RUMINAL PARAMETERS RELATED 
TO SULFUR TOXICITY  
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ABSTRACT:  Cattle feedlot diets often include ethanol co-products that provide excess 
dietary sulfate which is reduced to sulfide by ruminal bacteria and can be converted to 
hydrogen sulfide, which has been correlated to S toxicity. The objective of this study was to 
determine the impact of feeding varying concentrations of NDF from chopped cornstalks 
(CS) or chopped bromegrass hay (BH) on ruminal pH, ruminal H2S concentration, and DMI 
of steers fed a high S, finishing diet. Five ruminally-fistulated steers (595 ± 87 kg BW) were 
used in a 6 × 6 Latin square with 14 d periods and fed diets containing 0.45% S, from a 
mixture of dried distillers grains and condensed corn distillers solubles. The study was a 2 × 
3 factorial arrangement of treatments with two roughage sources: CS or BH, and 3 
concentrations of added roughage NDF (rNDF): 4, 7, or 10%. Steers had individual ad 
libitum access to feed and adapted to each diet for the first 7 d of each period. Effective NDF 
linearly increased (P < 0.01) as rNDF increased and did not differ between sources (P = 
0.44). There was no effect of concentration or source of rNDF on DMI (P ≥ 0.69). Steer 
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behavior was observed on d 13 of each period for 3 h post-feeding.  Source of rNDF did not 
affect time at bunk, DMI during observation, or rate of DMI (P ≥ 0.42). Time at bunk 
linearly increased as rNDF increased (P = 0.01), while rate of DMI linearly decreased (P = 
0.02).  Area under the curve for ruminal pH’s of  5.4, 5.6, and 5.8, calculated using data from 
d 8 to 14 via an indwelling ruminal bolus, were linearly decreased (P ≤ 0.03) as rNDF 
increased. Manual ruminal pH taken 6 h post-feeding on d 14 of each period did not differ by 
source (P = 0.12), but linearly increased (P < 0.01) as rNDF increased. Ruminal H2S 
concentrations measured 6 h post-feeding on d 14 of each period did not differ by source (P 
= 0.47), but were linearly decreased (P < 0.01) as rNDF increased (0.62, 0.35, 0.31 g/m
3 
for 
4, 7, and 10% rNDF, respectively). A segmented linear model was found to best fit the 
ruminal pH and H2S relationship data, suggesting that at or below a pH of 5.6 ± 0.08 with 
95% confidence intervals of 5.4 and 5.8, pH is a strong predictor of H2S (P ≤ 0.05), while 
above this pH range H2S concentrations are not well correlated with ruminal pH  (P > 0.50). 
In conclusion, adding at least 7% NDF from CS or BH to high S feedlot cattle diets will 
increase ruminal pH and decrease H2S concentrations, thus decreasing potential for S 
toxicity.  
Key words: cattle, effective NDF, hydrogen sulfide, ruminal pH, sulfur 
 
INTRODUCTION  
Ethanol co-products can be nutritious and economical feedstuffs for ruminants. 
However, they are often high in S because sulfuric acid is used during the ethanol production 
process (Kwiatkowski et al., 2006). Increased intake of S may decrease DMI and gain and 
can lead to polioencephalomalacia (PEM; Gould et al., 1997; Richter et al., 2012). Sulfate in 
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the rumen is reduced to sulfide by sulfate reducing bacteria which can be converted to H2S in 
a pH-dependent process (Beauchamp et al., 1984). The ruminal accumulation, eructation, and 
subsequent inhalation of large amounts of H2S are thought to be the cause of the negative 
effects of excess S (Gould, 1998). Recent data indicate that risk for S toxicity may be 
decreased when forage amounts in feedlot diets are increased above the typical 6 to 8% of 
DM (Vanness et al., 2009; Nichols et al., 2013). However, little research has been conducted 
to determine the optimal amount of forage needed. Increasing the amount of roughage in the 
diet has been shown to increase time spent chewing, saliva secretion, and the amount of 
buffer in the rumen (Beauchemin and Yang, 2005). Thus, increasing forage intake should 
increase ruminal pH, decrease the daily fluctuation in ruminal pH, and may decrease ruminal 
concentrations of H2S in cattle fed high S diets. Historically, cornstalks (CS) and bromegrass 
hay (BH) have been common roughage sources in the Northern Plains, though they tend to 
differ in their protein and NDF content (Reid and Klopfenstein, 1983). Previous studies 
suggest that balancing for NDF may eliminate differences in cattle intake and growth 
between roughage feedstuffs (Galyean and Defoor, 2003). Therefore, the objective of this 
experiment was to determine the impact of feeding one of three dietary concentrations of 
roughage NDF (rNDF; 4, 7, or 10% rNDF) from either low quality CS or medium quality 
BH on ruminal pH and H2S concentration of steers fed a high S finishing diet.  
 
MATERIALS AND METHODS 
Procedures and protocols for this experiment were approved by the Iowa State 
University Institutional Animal Care and Use Committee (protocol number 3-11-7107-B).  
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Animals and Experimental Design 
 Five Angus-type ruminally fistulated steers averaging 595 ± 87 kg BW were used in 
an unbalanced Latin Square utilizing 6 diets and 6 periods. The experiment was designed for 
6 steers; however, data from 1 steer were removed prior to analysis due to abnormally low 
DMI. Each period lasted 14 d, which included 7 d of diet adaption. The experimental design 
was a 2 × 3 factorial, with 2 sources of roughage: 1) chopped CS, or 2) chopped BH, at 1 of 3 
concentrations of dietary roughage inclusion: 1) 4% rNDF, 2) 7% rNDF, or 3) 10% rNDF. 
The diets analyzed to contain 0.45% dietary S, which came from a combination of dry 
distiller grains with solubles (DDGS) and condensed corn distillers solubles (Table 1). The 
chopped BH used in this study contained 9% CP, 42.9% ADF, and 66.3% NDF. The chopped 
CS contained 4.2% CP, 50.5% ADF, and 75.3% NDF. Because CS contained a greater 
amount of NDF, less was added to the diet to achieve the target rNDF amount, when 
compared with BH diets.  
 
Sample Collection and Analytical Procedures 
 Diets were mixed every 4 to 5 d in a feed wagon and each diet was stored separately 
in concrete bunkers in the feed room. Steers were fed individually at 1000 daily. Of the 6 
steers initially used in the trial, 3 were on pasture before the beginning of the study. They 
were fed 3 step-up diets for 4 d each to reach a common 4% rNDF diet. The other 3 steers 
were on a high concentrate diet before the start of the study. Seven d before the trial began, 
steers were weighed and limit-fed the common 4% rNDF diet at 1.3% of their BW and 
adapted to ad libitum feeding using published (slick) bunk management (Drewnoski et al., 
2013). Individual ingredients and total mixed ration (TMR) samples were collected weekly. 
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Orts were collected, weighed, and sampled on d 1 and 8 of each period before feeding. Dry 
matter intake was assessed over each period from d 8 to 14. Samples of TMR (feed offered) 
and orts were dried in a forced air oven at 70°C for 48 h to determine DM content and 
calculate DMI. Sulfur analysis of weekly TMR samples and steer orts was conducted 
according to the method described by Richter et al. (2012) using an Optima 7000 ICP-OES 
(Perkin Elmer, Waltham, MA) and used in the calculation of S intake.  
 On d 13, steer behavior was recorded by an observer positioned 1 h before feeding 
(0900) and behavior was recorded every min for 3 h after feeding (1000 to 1300) using the 
instantaneous scan sampling technique using a live observation methodology as explained by 
Lehner (1987). Measurements included time spent at bunk, defined as a steer consuming feed 
at the bunk, total DMI during the observation period, and rate of DM consumption during the 
observation period.  Feed remaining in the bunk at the conclusion of the live observation 
period was weighed back and samples were collected and dried as described above, in order 
to calculate rate of DM consumption.  
 Ruminal hydrogen sulfide concentrations were measured at 6 h post-feeding from 
each steer on d 14 of each period. Each fistula was equipped with a small PVC fitting 
(1.27cm LASCO PVC I, Brownsville, TN) kept capped to minimize gas loss, as described by 
Drewnoski et al. (2012b). To measure H2S concentration of the ruminal gas, a metal rod 
45.72 cm long was inserted through the PVC fitting with a short piece of tubing connecting 
the rod to the gas detector tube and volumetric gas sampling pump (Matheson-Kitigawa 
8014-400B, Kitigawa, Japan) according to the procedure described by Drewnoski et al. 
(2012a). 
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Ruminal fluid samples and ruminal pH (described as manual pH hence forth) were 
taken at 6 h post-feeding from each steer on d 14 of each period immediately after ruminal 
H2S concentrations were measured. A 40 mL rumen fluid sample was retrieved using a 
suction strainer through the PVC fitting in the cannula and pH was immediately measured 
using a portable pH probe (Oakton pH 11 Meter Kit, Model 35614-80, Vernon Hills, IL). 
 An indwelling bolus (Dascor LRCpH Loggers, Escondido, CA) measured ruminal pH 
(described as bolus pH hence forth) every 10 min during the length of the trial, beginning on 
d 1. The indwelling bolus was suspended in the rumen via a weight attached to a string that 
was pulled out through the fistula and attached to the outside of the fistula. On d 14 of the 
last period, boluses were removed and data were downloaded from the boluses. Data were 
averaged within h for statistical analysis of bolus pH minimum and maximum values.  
 Neutral detergent fiber contents of CS, BH, and TMR samples wer measured on d 12 
of period 3 and 4, and d 14 of period 5 using the Penn State Particle Size Separator with the 
method described by Kononoff et al. (2003). The NDF of particles greater than 7.87 mm in 
size were declared as effective NDF (eNDF). Total diet and roughage NDF concentrations 
were determined by sequential analysis using an ANKOM
200
 Fiber Analyzer (ANKOM 
Technology Corporation, Fairport, NY) according to the procedures of Van Soest et al. 
(1991). Samples were analyzed with the addition of alpha amylase.  
 
Statistical Analysis 
 Data were analyzed using the Mixed procedure of SAS (SAS Institute Inc., Cary, 
NC). The model for the analysis of NDF and eNDF included the fixed effect of concentration 
of rNDF, source of rNDF, and the interaction. The model for the analysis of observation 
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DMI, rate of DMI, time at bunk, ruminal H2S concentration, and manual pH included the 
fixed effect of concentration of rNDF, source of rNDF, period, steer, and the interaction 
between the concentration and source of rNDF. Bolus pH, ruminal pH area under the curve 
(AUC), and DMI data were analyzed as repeated measures, where d was the repeated effect. 
The fixed effects included concentration of rNDF, source of rNDF, d, period, steer, and the 
interactions between concentration of rNDF, source of rNDF, and d. The covariance structure 
used was first order autoregressive [AR(1)] and was identified by the lowest corrected 
Akaike’s information criterion (AICC) for most models. Area under the curve was 
approximated using the trapezoidal method, using the function trapz of R software. The data 
computed consisted of a time series of bolus pH measurements collected every 10 min. To 
determine the relationship between ruminal H2S concentrations and manually collected 
ruminal pH data several models were tested, and a linear segmented model was found to best 
fit the data, identified as having the lowest AIC. Using the manual ruminal pH and H2S 
measures collected 6 h post-feeding on d 14 of each period, three pH cut off points were 
identified using a segmented model in Proc NLIN in SAS that assumes a piecewise linear 
relationship between ruminal pH and H2S concentration. The pH cutoff point was identified 
as 5.6 ± 0.08 with 95% confidence intervals (CI) of 5.4 and 5.8. Steer was the experimental 
unit for all data analysis (n = 5), and the REG procedure of SAS was used to identify outliers 
as data greater than two standard deviations from the predicted mean.  
 
 
 
 
68 
 
RESULTS  
Neutral Detergent Fiber 
Neutral detergent fiber and eNDF concentrations of the diets are presented in Table 2. 
The NDF and eNDF of TMR linearly increased as rNDF increased (P < 0.01). Total dietary 
NDF concentration was greater (P = 0.03) in BH diets compared with CS diets; however, the 
source of rNDF did not affect eNDF (P = 0.44).  
 
Intake and Observational Data 
Steer DMI and data collected during the observation period are presented in Table 3. 
Based on repeated measures analysis, daily DMI data collected from d 8 to 14 did not differ 
due to rNDF concentration or source, nor was there a concentration × source interaction (P ≥ 
0.15). Additionally, no differences due to rNDF concentration (P = 0.40) were observed in 
DMI during the 3 h post-feeding observation period. During the 3 h post-feeding, time at 
bunk was not affected by source of rNDF (P = 0.95) nor was there a concentration × source 
interaction (P ≥ 0.15) for any observation data. There was a linear increase (P = 0.01) in the 
time spent at bunk as rNDF increased. Regardless of roughage source, as the inclusion of 
rNDF increased, the rate of intake (DMI, kg/h) linearly decreased (P = 0.02). The difference 
in DMI rate during observation due to rNDF concentration was primarily driven by 
differences between 4 and 10% rNDF (P = 0.02) and a tendency (P = 0.08) for rate of intake 
to be lesser in 10% rNDF compared with 7% rNDF, while rate of intake did not differ 
between 4 and 7% rNDF (P = 0.34). 
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Ruminal pH 
An indwelling bolus inserted into the rumen of each steer measured ruminal pH every 
10 min throughout the trial and data from d 8 to 14 of each period were analyzed for the 
minimum and maximum daily pH and AUC. Based on repeated measures analysis, there 
were no statistical influences of source of rNDF (P ≥ 0.39) or d of sampling (P ≥ 0.53) on 
maximum and minimum bolus pH. The maximum pH from the indwelling bolus recorded 
over d 8 to 14 linearly increased as rNDF increased (P < 0.01), while there was no difference 
in minimum pH due to rNDF concentration (P = 0.26). There was a tendency for a d × source 
interaction (P = 0.07) for minimum pH values, with steers consuming BH diets having a 
lesser minimum pH on d 12 compared with d 8, 9, 10, 13, and 14, while minimum pH of 
steers consuming CS diets did not differ between d (P ≥ 0.28). Area under the curve was 
calculated at three ruminal pH levels based on the cutoff points determined by the segmented 
linear model (5.6 with 95% CI of 5.4 and 5.8). The AUC at all three pH levels linearly 
decreased with the increasing inclusion of rNDF (P ≤ 0.02; Table 4). Time (in min) spent 
under each pH was also calculated. As rNDF concentration increased, time under pH 5.4, 5.6, 
and 5.8 linearly decreased (P ≤ 0.03; Table 4).  Steers consuming the 4% rNDF diets had  
consistently greater (P ≥ 0.01) AUC and time under each pH value than steers fed 7% and 10 
% rNDF diets; however, AUC and time under each pH value did not differ (P ≥ 0.75) 
between 7% rNDF and 10% rNDF. There was no statistical influence of source of rNDF (P ≥ 
0.66), d (P ≥ 0.70), or any other interactions (P ≥ 0.10 on AUC or time under pH 5.4, 5.6, or 
5.8.   
Manual ruminal pH measures were taken at 6 h post-feeding from each steer on d 14 
of each period immediately after ruminal H2S concentrations were measured and linearly 
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increased with the increasing inclusion of rNDF (P = 0.002; Fig. 1A). Similar to the bolus pH 
data, source of roughage did not affect manual ruminal pH measurements (P = 0.12). The 
manual ruminal pH measured 6 h post-feeding was well correlated to the bolus pH recorded 
over a similar time period (1500 to 1600; r = 0.50, P < 0.01). 
 
H2S Measurements  
Ruminal H2S concentrations measured on d 14 of each period at 6 h post-feeding 
demonstrated a linear decrease (P = 0.004) and a quadratic tendency (P = 0.08; Fig. 1B) with 
the increasing concentration of rNDF. The addition of 4% rNDF to a high S diet resulted in 
greater (P ≤ 0.007) ruminal H2S concentrations relative to 7 or 10% rNDF diets, while 
ruminal H2S concentrations did not differ between 7 and 10% rNDF (P = 0.63). No effects of 
roughage source (P = 0.47) or the rNDF concentration × source (P = 0.33) interaction on 
ruminal H2S concentrations were noted.  
 A piecewise linear relationship between ruminal H2S concentration and ruminal pH 
collected manually on d 14 of each period at 6 h post-feeding is shown in Fig. 2.  A pH of 5.6 
with 95% CI of 5.4 and 5.8, was determined to represent the pH above which pH was not 
correlated with ruminal H2S concentrations, while at or below this pH, ruminal pH is a strong 
predictor of H2S concentrations.  
 
DISCUSSION 
The present study was designed to find the optimal rNDF inclusion to decrease H2S 
concentrations and to compare the effects of different roughage sources on their abilities to 
decrease H2S concentrations. It is well established that increased intake of S (from feedstuffs 
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or water) leads to decreased DMI, decreased gain, and can lead to PEM (Gould et al., 1997; 
Richter et al., 2012). The conversion of H2S from sulfide is a pH-dependent process; 
therefore, we hypothesized that increasing rNDF in high S diets would increase ruminal pH, 
decrease ruminal H2S concentration, and potentially lessen the risk of S toxicity or negative 
impacts of high S diets on cattle performance. A meta-analysis completed by Nichols et al. 
(2013) compared the incidences of PEM when cattle were fed diets containing 0.4% or 
greater S  and forage NDF ranging from 0% to 8.78%, with a mean forage NDF of 4.16% 
(DM basis). The analysis suggested that the incidence of PEM may be explained by an 
interaction between dietary S and the concentration of forage NDF. The model developed by 
the authors predicted the greatest risk of PEM was in cattle fed 0.4% or greater S with no 
added forage, with the incidence of PEM decreasing by 19% for every additional 1% of 
forage NDF in the diet, when ruminal available S was accounted for.  
Dietary sulfate is utilized by sulfate reducing bacteria which make up a very small 
proportion of the ruminal microbiome (Wu et al., 2012). When cattle are fed high S diets, 
excess sulfide is accumulated in the ruminal fluid because of dissimilatory sulfate reducing 
bacteria’s ability to obtain energy from sulfate reduction (Cummings et al., 1995). The 
conversion of sulfide to H2S is a pH-dependent process with a pKa of 11.94 for dissociation 
of the first ion and pKa of 7.04 for dissociation for the second ion (Beauchamp et al., 1984). 
A post hoc analysis of the ruminal H2S and manual ruminal pH data suggested there was a 
cutoff point where pH no longer strongly affected ruminal H2S concentration. A segmented 
model was used that assumes there is a linear relationship between ruminal H2S and pH when 
pH is below the cutoff point. When pH is greater than the cutoff point, the segmented model 
assumes ruminal H2S remains constant at a plateau value, and pH does not correlate with H2S 
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concentrations. The results suggest that 5.6 represents that pH cutoff point, with 5.4 and 5.8 
representing the 95% confidence intervals. At a pH of 5.4, 5.6, and 5.8 approximately 96%, 
94%, and 92%, respectively, of the sulfide in the rumen should be in the H2S form (Clesceri 
et al., 1998). In the present study, time spent under 5.4, 5.6, 5.8, as well as AUC at these pH 
values decreased with the increased inclusion of rNDF, confirming that an increase in rNDF 
will aid in modulating ruminal pH. 
Under the conditions of this study, ruminal H2S and manual ruminal pH had a strong 
negative correlation. As ruminal pH increased, ruminal H2S concentration decreased; 
however, our analysis suggest there is a breakpoint in the correlation 5.6 (CI of 5.4 and 5.8 
pH) above which ruminal pH no longer plays a substantial role in ruminal H2S dynamics. 
Because manual ruminal pH continued to increase as rNDF increased from 7 to 10% it was 
expected that ruminal H2S would decrease as well. The exact reason why there was not a 
similar depression in H2S concentration from 7 to 10% rNDF as there was from 4 to 7% 
rNDF is unclear. However, the AUC data may be more relevant than the single time point 
manual pH measures because H2S measures at 6 h post-feeding should be a reflection of H2S 
produced over a period of time since feeding. Interestingly, while AUC for pH 5.4, 5.6, and 
5.8 were all linearly decreased as roughage increased, this effect is mainly driven by 
differences between 4% rNDF  and 7 or 10% rNDF, as there are no statistical differences 
among 7% and 10% rNDF for AUC or time spent under a threshold pH. There was also a 
substantial decrease in ruminal H2S concentration when rNDF was increased from 4 to 7%, 
but no differences in ruminal H2S concentration when rNDF was increased from 7 to 10%. It 
is possible that the ruminal pH conditions achieved with the 7% rNDF diets represent a 
threshold beyond which pH would no longer influence ruminal H2S concentrations as 
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greatly. This will be important to pinpoint in future studies as a potential target ruminal pH 
which cattle need to stay above to decrease ruminal H2S concentration and decrease risk of S 
toxicity when cattle are fed high S, high concentrate diets. 
In the present study, manual ruminal pH measured on d 14 of each period did not 
differ due to roughage source, but linearly increased with the increasing rNDF. According to 
Beauchemin and Yang (2005), with an increasing proportion of roughage in the diet, the time 
spent chewing increases, and chewing stimulates saliva secretion. Saliva contributes 
approximately half of the bicarbonate entering the rumen, which helps buffer the organic 
acids produced during fermentation as well as acidic feedstuffs such as ethanol co-products 
(Selvaraj et al., 2007; Felix and Loerch, 2011). An increase in ruminal pH with the increase 
in roughage in the present study may be due to an increase in saliva secretion, which was not 
measured in this study. In addition to modulating ruminal pH, increasing rNDF in steer’s 
diets decreased rate of DMI, which both may affect ruminal H2S concentration. However, 
while ruminal pH increased and ruminal H2S concentration decreased from 4% to 7% rNDF, 
there was no difference between 4% and 7% rNDF in rate of DMI. This suggests that ruminal 
pH may play a larger role in ruminal H2S concentration when compared to rate of intake in 
this study.  
As suggested by Drewnoski et al. (2012a), the link between ruminal H2S and PEM is 
still unknown, but is thought to be due to inhalation of H2S after eructation, resulting in 
lesions in the brain (Gould, 1998).  In the present study, ruminal H2S concentration decreased 
as rNDF increased from 4% to 7 or 10%, potentially decreasing the susceptibility of cattle to 
PEM. Due to the small number of steers used in this study, it is not surprising there were no 
incidences of PEM noted in the present study. However, this does not diminish the effect of 
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rNDF on decreasing ruminal H2S concentration, thus potentially decreasing susceptibility of 
cattle to PEM.  
Two common feedlot roughage sources were utilized in this study, a medium quality 
BH (9% CP and 66.3% NDF), and low quality CS (4.2% CP and 75.3% NDF). Because BH 
had lower NDF than CS, more hay was included in diets to achieve the target rNDF 
concentration, replacing the lower NDF ingredient, corn, resulting in total dietary NDF 
concentrations being greater in BH diets compared with CS diets. However, eNDF of the 
total diets were similar across the two roughage sources. Furthermore, the source of roughage 
did not affect DMI, observational DMI measures, ruminal pH, or ruminal H2S concentration. 
These results indicate that regardless of roughage quality, if diets are balanced on rNDF 
different roughage sources will have similar impacts on ruminal pH and H2S concentrations 
of steers fed a high S diet. Benton et al. (2007) also found that roughage sources may be 
exchanged equally if balanced on NDF basis without affecting steer ADG and yield grade 
when multiple roughage sources and concentrations were tested in diets containing 30% wet 
distillers grains. 
 In previous studies, increasing roughage in feedlot diets up to 24% of DM has been 
found to cause linear increases in cattle DMI (Gill et al., 1981; Kreikemeier et al., 1990). It 
has been suggested that DMI is increased to compensate for the energy dilution that occurs 
when lower energy roughage replaces high energy feedstuffs in diets; however,  in the 
present study the concentration of dietary roughage did not affect DMI of fistulated steers, 
possibly because energy values of diets were very similar. While increasing roughage did not 
affect DMI in the present study, eating behavior of the steers was altered, with an increased 
time spent at bunk and a slower rate of DMI by steers. Interestingly, these differences are 
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largely due to greater time spent eating at the bunk and a slower rate of DMI by steers 
receiving either 7 or 10% rNDF when compared with steers consuming 4% rNDF. Steers 
consuming 10% rNDF compared to 4% NDF may have eaten more slowly, as time spent 
chewing is dependent on the particle size, NDF content, and moisture content of the fiber 
(Mertens, 1997). Additionally, increasing the amount of roughage in the diet may stimulate 
ruminal tension receptors more quickly, causing the steer to eat smaller meals throughout the 
day rather than fewer, larger meals. The amount of fermentable carbohydrates in the diet 
decreased with increasing roughage, which coupled with a slower DMI rate, also decreased 
the intake rate of fermentable carbohydrates. This may have aided in modulating ruminal pH 
by decreasing the amount of VFA produced at one time, decreasing the rate of acidic 
feedstuffs entering the rumen, and by allowing greater cellulose digestion with the addition 
of rNDF.  
Slowing the rate of DMI by steers fed high S, high concentrate diets could prove 
beneficial, as it would slow the rate of S introduction to the rumen, potentially decreasing the 
rate of ruminal H2S production and accumulation. However, this was not measured in the 
present study.  
Although there are benefits to adding roughage to a high S diet in regards to 
decreasing ruminal H2S concentrations, further research needs to examine how increasing 
dietary roughage affects performance of feedlot cattle consuming high S diets. It is well 
established that increasing roughage to 15% or more can decrease cattle ADG and feed 
efficiency. Multiple studies have found with increasing roughage in the diet there is an 
energy dilution effect which may be the cause of decreased cattle performance (Calderon-
Cortes and Zinn, 1996; Galyean and Defoor, 2003).  
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 In conclusion, when balanced on rNDF, CS, and BH do not differ in their effects on 
steer DMI and ruminal H2S concentration when fed a high S diet. In this study, CS could be 
included at lower dietary concentrations than BH because CS had greater NDF content. 
Increasing the inclusion of rNDF from 4% to 7% resulted in a decrease in ruminal H2S 
concentration and increase in ruminal pH, while minimal differences were noted by 
increasing inclusion from 7 to 10% rNDF. Increasing rNDF also slowed the rate of feed 
consumption by steers, but this difference did not appear to contribute greatly to the decrease 
in H2S observed with 7 or 10% rNDF. The results of this study suggest that feeding at least 
7% NDF from roughage in high S feedlot diets will increase ruminal pH, decrease ruminal 
H2S concentration, and potentially decrease the risk of S toxicity, while increasing the 
inclusion of roughage above 7% added NDF may have limited benefits.  
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Table 1. Ingredient and chemical composition of diets (% DM basis) 
 Hay Cornstalks 
 % NDF  % NDF 
Item 4 7 10 4 7 10 
Chopped bromegrass hay
1
   5.9 10.3 14.7 -- -- -- 
Chopped cornstalks
2
 -- -- --   5.3   9.3 13.3 
DDGS
3
 33.0 33.0 33.0 33.0 33.0 33.0 
CCDS
4
   6.0 6.0 6.0   6.0   6.0   6.0 
Dry rolled corn 52.9 48.5 44.1 53.5 49.5 45.5 
Limestone   1.7   1.7   1.7   1.7   1.7   1.7 
Salt   0.31   0.31   0.31   0.31   0.31   0.31 
Vitamin A premix
5 
  0.1   0.1   0.1   0.1   0.1   0.1 
Rumensin90
6
   0.01   0.01   0.01   0.01   0.01   0.01 
Trace mineral premix
7
   0.035   0.035   0.035   0.035   0.035   0.035 
Analyzed composition       
S, %   0.448   0.469   0.471   0.432   0.439   0.445 
Calculated composition
8 
      
CP, % 15.18 15.23 15.28 15.10  15.10  15.10 
NEg, Mcal/kg DM   1.41   1.37   1.32   1.41   1.37   1.32 
1
Bromegrass hay (68% NDF) was chopped using an 1150 Commercial Tub Grinder with 
Grapple Loader (Haybuster, Jamestown, ND) with a 15.24 cm screen. 
2
Chopped cornstalks (75% NDF) was chopped using an 1150 Commercial Tub Grinder with 
Grapple Loader (Haybuster, Jamestown, ND) with a 15.24 cm screen. 
3
Corn dried distillers grains (DDGS); One load of DDGS from POET (Jewell, IA) was used 
during the trial with a S concentration of 0.935% (DM basis). 
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4
Condensed corn distilled solubles (CCDS); One load of CCDS from Rock-N-R Syrup Co. 
(Preston, MN) was used during the trial with S concentration of 1.278% (DM basis). 
5
Vitamin A premix contained 4,400,000 IU/kg. 
6
Targeted monensin at 200 mg·steer
-1
·d
-1
. 
7
Provided per kg of diet: 30 mg Zn as ZnSO4; 20 mg Mn as MnSO4; 0.5 mg I as 
Ca(IO3)2(H2O); 0.1 mg Se as Na2SeO3; 10 mg Cu as CuSO4; and 0.1 mg Co as CoCO3. 
8
The calculated composition is based on the analyzed content of ingredients.
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Table 2. Neutral detergent fiber and effective NDF (eNDF) concentrations of diets formulated with various 
concentrations of added roughage NDF ([rNDF]) 
 
 Hay Cornstalks  P-value
1 
  [rNDF]  [rNDF]    [rNDF] [rNDF] 
Item 4% 7% 10% 4% 7% 10% SEM Source [rNDF] Linear 
Quad 
NDF
2
  20.76 22.99 25.03 19.65 22.29 23.54 0.615 0.04 <0.01 <0.01 0.44 
eNDF
2,3,4
 3.08 3.84 6.08 2.98 4.77 6.32 0.572 0.44 <0.01 <0.01 0.52 
1 
Effect of source of rNDF, concentration of rNDF, linear and quadratic effects of rNDF concentration. 
2
[rNDF] × source (P ≥ 0.66). 
3
Determined using Penn State particle size separator method, declaring particles above 7.87 mm as eNDF.  
4
 The analyzed eNDF of bromegrass hay and cornstalks was 39.7% and 50.3% of DM, respectively. 
 
 
 
8
1
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Table 3. Daily DMI and S intake of steers fed diets formulated with various 
concentrations of added roughage NDF ([rNDF]) from d 8 to 14 of each period and 
DMI during observational period on d 13   
 [rNDF]  P-value
1 
Item 4%  7%  10%  SEM Source [rNDF] 
[rNDF] 
Linear
 
[rNDF] 
Quad
 
DMI, kg/d
2,3
 10.82 11.13 11.05 0.338 0.69 0.79 0.64 0.64 
Daily S intake, g/d
4
 44.17 48.72 48.83 2.461 0.76 0.36 0.22 0.46 
Observation data
5
         
   DMI, kg/steer
6
 7.70 8.74 7.71 0.626 0.63 0.40 0.99 0.18 
   Time at bunk, h
7 
2.07 2.49 2.55 0.114 0.95 0.02 0.01 0.21 
   DMI rate, kg/h
8
 3.77 3.51 2.98 0.193 0.42 0.05 0.02 0.56 
1
 Effect of source of rNDF, concentration of rNDF, linear and quadratic effects of rNDF 
concentration. 
2
DMI was calculated using daily feed intake data from d 8 to 14 of each period.  
3
Based on repeated measures analysis of DMI from d 8 to 14; [rNDF] × source × d (P = 
0.83), d × level (P = 0.78), source × d (P = 0.99), d (P = 0.41), [rNDF] × source (P =0.15). 
4 
[rNDF] × source (P = 0.92). 
5
Observation data were collected on d 13 of each period 3 h after feeding; [rNDF] × source 
(P ≥ 0.15). 
6
DMI (kg/steer) was amount consumed during the 3 h after feeding on d 13 of each period. 
7
Time steer spent at the bunk during 3 h after feed was delivered in the observation period. 
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8
Rate of DMI (kg/h) during the 3 h after feeding on d 13 of each period was calculated by 
dividing DMI consumed during the 3 h by the number of h spent at the bunk. 
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Table 4. Calculated area under the curve (AUC), time spent below pH 5.4, 5.6, and 5.8 and daily minimum 
and maximum ruminal pH from d 8 to 14 of each period via an indwelling bolus in steers fed diets formulated 
with various concentrations of added roughage NDF ([rNDF])  
 [rNDF]  P-value
1 
Item
2 
4%  7%  10%  SEM Source [rNDF] 
[rNDF] 
Linear
 
[rNDF] 
Quad
 
AUC 5.4, pH*min/d
3
 2,376 1,349 1,192 352.4  0.74 0.05 0.02 0.32 
Time 5.4, min/d
4
 463 263 233 70.6 0.74 0.06 0.03 0.33 
AUC 5.6, pH*min/d
3 
3,577 2,183 2,012 424 0.66 0.03 0.01 0.25 
Time 5.6, min/d
4 
682 416 383 83.0 0.66 0.03 0.02 0.26 
AUC 5.8, pH*min/d
3 
4,730 3,018 2,966 442.7 0.82 0.01 0.01 0.14 
Time 5.8, min/d
4 
886 561 554 85.5 0.83 0.02 0.01 0.14 
Minimum pH
5,6 
5.19 5.32 5.38 0.080 0.65 0.26 0.11 0.74 
Maximum pH
5 
6.34 6.59 6.60 0.040 0.40 < 0.01 < 0.01 0.03 
1 
Effect of source of rNDF, concentration of rNDF, and linear and quadratic effects of rNDF concentration.
 
8
4
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2
[rNDF]×source (P ≥ 0.10), [rNDF] × source × d (P ≥ 0.31), source × d (P ≥ 0.66), [rNDF] × 
d (P ≥ 0.13), d (P ≥ 0.53).  
3
At a pH of 5.4, 5.6, and 5.8 approximately 96%, 94%, and 92% respectively of the sulfide in 
the rumen will be hydrogen sulfide (Clesceri et al., 1998). 
4
Time was calculated as the minutes spent below 5.4, 5.6, and 5.8 during a 24 h period and 
then averaged over each period. 
5
The 24 h maximum and minimum pH collected each d, from d 8 to 14 via an indwelling 
bolus.  
6 
Day × source (P = 0.07).
86 
 
Figure Legends 
Figure 1. Effect of roughage NDF concentration on manual ruminal pH (A) and ruminal 
hydrogen sulfide concentration (B) measured on d 14 at 6 h post feeding from steers fed 4% 
NDF (    ), 7% NDF (    ), and 10% NDF (    ) from chopped cornstalks or bromegrass hay. 
For ruminal pH there was a linear effect of roughage NDF concentration (P = 0.002) but no 
source (P = 0.12) or concentration × source interaction (P = 0.46). For hydrogen sulfide 
concentration there was a linear effect (P = 0.004) and tended to be a quadratic effect (P = 
0.08) of roughage NDF concentration but no source (P = 0.47) or concentration × source 
interaction (P = 0.33).  
 
Figure 2. Piecewise linear relationship between ruminal hydrogen sulfide concentrations and 
ruminal pH collected manually on d 14 at 6 h post-feeding immediately after hydrogen 
sulfide measures were collected of steers fed high S diets with either cornstalks or 
bromegrass hay added at 4%, 7%, or 10%  added roughage NDF.  A mean pH of 5.6, with 
95% confidence intervals of 5.4 and 5.8, was determined to represent the pH above which pH 
was not correlated with ruminal hydrogen sulfide concentrations, while below this pH, 
ruminal pH is a strong predictor of hydrogen sulfide concentrations. 
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Figure 1. 
A. 
 
B. 
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CHAPTER 4. 
INCREASING DIETARY NDF CONCENTRATION DECREASES RUMINAL 
HYDROGEN SULFIDE CONCENTRATIONS IN STEERS FED HIGH-SULFUR 
DIETS BASED ON ETHANOL CO-PRODUCTS  
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S. J. Morine, M. E. Drewnoski, and S. L. Hansen
 
 
 
ABSTRACT: Cattle feedlot diets commonly contain ethanol co-products that are high in S. 
This dietary S is reduced in the rumen by sulfate reducing bacteria, resulting in an 
accumulation of hydrogen sulfide (H2S), increasing the risk for S toxicity. A negative 
correlation between H2S and ruminal pH has been observed previously. The objective of this 
study was to determine the effect of varying dietary NDF from chopped bromegrass hay 
(66% NDF) on performance, ruminal pH, and ruminal H2S gas concentration of steers fed a 
high-S finishing diet. One hundred fifty crossbred steers (359 ± 51 kg BW) were blocked by 
BW into pens of 5 steers and randomly assigned within block to 1 of 5 treatments (n = 6 pens 
per treatment) and fed for 84 d. Dietary treatments included 3.5, 5.7, 7.9, 10.1, or 11.4% 
roughage NDF (rNDF) from bromegrass hay and contained 0.46% dietary S, from a 
combination of dried distillers grains with solubles and condensed corn distillers solubles. In 
all diets, hay was added at the expense of dry-rolled corn. Effective NDF increased linearly 
(P < 0.01) with increased inclusion of rNDF. Final BW was not affected by rNDF (P ≥ 0.12). 
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The addition of roughage did not affect ADG (P ≥ 0.13) or gain efficiency (P  0.12). Dry 
matter intake increased linearly (P < 0.01) as rNDF concentration increased. There was a 
treatment by month interaction for S intake (P < 0.01), explained by steers fed 3.5 or 11.4% 
rNDF increasing S intake each month while the middle rNDF inclusions had similar S intake 
between months 1 and 2 and increased in month 3. Ruminal H2S concentrations and ruminal 
fluid pH were measured at 6 h post-feeding on d 7, 14, 21, 29, and 84. Ruminal pH increased 
linearly (P < 0.01; 5.48, 5.61, 5.71, 5.74, and 5.80 ± 0.041 for 3.5, 5.7, 7.9, 10.1, and 11.4% 
rNDF, respectively) and ruminal H2S concentrations decreased linearly (P < 0.01; 1.00, 0.86, 
0.76, 0.70, and 0.62 ± 0.037 g/m
3
 for 3.5, 5.7, 7.9, 10.1, and 11.4% rNDF, respectively) as 
rNDF inclusion increased. Using mixed model regression analysis, ruminal pH had a strong 
negative relationship with ruminal H2S concentrations (β = -0.63; P < 0.01).  Under 
conditions of this study, increasing roughage did not affect cattle gains, but helped maintain 
greater ruminal pH and decreased H2S concentration, suggesting that this dietary strategy 
may lessen the risk of S toxicity in feedlot cattle.  
Key words: cattle, hydrogen sulfide, neutral detergent fiber, roughage, sulfur 
 
INTRODUCTION 
Many cattle feeders utilize ethanol co-products as protein and energy sources in 
feedlot cattle diets. Inclusion of ethanol co-products is limited by high S content of these 
feedstuffs due to sulfuric acid use during the ethanol production process (Kwiatkowski et al., 
2006). Increased dietary S has been shown to decrease DMI and ADG (Richter et al., 2012) 
and increase the risk of S-induced polioencephalomalacia (PEM; Gould et al., 1997). Sulfur-
induced PEM is thought to be the result of inhalation of eructated H2S (Gould, 1998). At a 
91 
 
lesser pH more sulfide is converted to H2S in the rumen (Beauchamp et al., 1984). 
Previously, we reported that increasing from 4% roughage NDF (rNDF) to 7% rNDF from 
hay or cornstalks in a finishing diet containing 0.45% S increases ruminal pH and decreases 
H2S concentrations, and pH and H2S measurements were negatively correlated (Morine et al., 
2014). This research supports the hypothesis that increasing rNDF modulates ruminal pH and 
lessens H2S concentrations in cattle consuming high S diets. Nichols et al. (2013) conducted 
a longitudinal-analysis of data collected from studies that included cattle fed diets ranging 
from 0.12 to 0.73% S and a mean rNDF of 4% (DM basis) and compared rNDF 
concentration to the incidences of PEM. The authors suggested that when ruminally available 
S is accounted for, the prevalence of PEM decreased by 19% for every 1% of rNDF added to 
the diet. Thus, the risk of S toxicity may be decreased by increasing rNDF in finishing diets 
with ethanol co-products. However, dilution of dietary energy because of increased inclusion 
of roughage in place of high energy feedstuffs may have negative impacts on feedlot cattle 
growth and efficiency (Calderon Cortes and Zinn, 1996). Thus, the objective of this study 
was to determine the impact of feeding various concentrations of rNDF from chopped 
bromegrass hay on performance, ruminal pH, and ruminal H2S concentration of steers fed 
high-S diets based on ethanol co-products.  
 
MATERIALS AND METHODS 
Procedures and protocols for this experiment were approved by the Iowa State University 
Institutional Animal Care and Use Committee (protocol number 3-11-7146-B).  
 
 
92 
 
Animals and Experimental Design 
 One hundred fifty yearling Angus-type steers (359 ± 51 kg BW) were used to 
determine the effect of various rNDF concentrations in high-S finishing diets on ruminal pH, 
ruminal H2S concentrations, and steer performance. Steers were transitioned to a high 
concentrate diet via 2 step up diets (Table 1), fed for 6 and 7 d, respectively. Once 
transitioned, consecutive 2-d weights were taken prior to feeding, steers were blocked by this 
pre-trial BW to pens (n = 5 steers per pen), and within block pens were randomly assigned to 
receive 1 of 5 diets containing:  3.5, 5.7, 7.9, 10.1, or 11.4% rNDF from bromegrass hay (n = 
6 pens per treatment). The diets were analyzed to contain an average of 0.46% dietary S, 
which came primarily from a combination of dried distillers grains with solubles (DDGS) 
and condensed corn distillers solubles (CCDS). At the onset of the study, the treatment diets 
(Table 1) were limit-fed for a 7-d period, with an initial feeding rate of 1.5% of BW which 
then increased by 0.25% of BW daily until ad libitum intakes were reached. Consecutive 2-d 
weights were taken again at the end of the limit feeding period, which was considered d 0 
and 1 of the trial.   
 
Sample Collection and Analytical Procedures 
 Steers were fed once daily (0800 h) and bunks were managed to be slick at the time 
that feed calls were made (0630 h) as described by Drewnoski et al. (2014).  The amount of 
feed offered to each pen was recorded daily, individual ingredients and TMR samples were 
collected weekly for DM determination, and feed refusals for each pen were collected 
monthly for DM determination. Samples were dried in a forced-air oven at 70°C for 48 h. 
Monthly DMI was calculated on a pen basis by subtracting pen feed refusals from feed 
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offered (DM basis). Sulfur analysis of TMR samples and pen feed refusals was conducted 
according to the method described by Richter et al. (2012) using an inductively coupled 
plasma-optical emission spectrometer (Optima 7000, Perkin Elmer, Waltham, 
Massachusetts) and values were used to calculate dietary S intake. Samples of ingredients 
were taken at the beginning of the trial and sent to Dairyland Laboratories, Inc (Arcadia, WI) 
for near infrared spectroscopy analysis. The analysis uses calibrated equations from using 
these methods for NDF (AOAC method 2002.04), nitrogen (AOAC method 990.03), ether 
extract (AOAC method 920.39), and starch (30
th
 Annual MW AOACI Meeting and 
Exposition; AOAC, 1995; AOAC, 2005). Corn condensed distillers solubles were analyzed 
by wet chemistry (Dairyland Laboratories) using the methods above except ether extract was 
analyzed by acid hydrolysis using the SoxCap 2047 and Soxtec extraction methods (Foss 
Analytical AB Soxtec System, Denmark). The NEg of each diet was then calculated based on 
the results of the OARDC energy calculation (Weiss et al., 1992). Steers were weighed on d 
0, 1, 25, 56, 84, and 85 for determination of ADG and for calculation of feed efficiency.   
 Ruminal H2S gas concentrations were measured at 6 h post-feeding from 2 steers per 
pen on d 7, 14, 21, 29, and 84. Sampling days were chosen because research has shown H2S 
concentrations peak in approximately the first 30-60 days after cattle start consuming a high 
S finishing diet (Drewnoski et al., 2012; Drewnoski et al., 2013). Hydrogen sulfide 
concentration of the ruminal gas was measured by introducing a sterilized 16-gauge, 10.2-
mm long needle into the left paralumbar fossa. The needle was fitted with a short piece of 
tubing connecting the needle to a gas detector tube and volumetric gas sampling pump 
(Matheson-Kitigawa 8014-400B, Kitigawa, Japan) according to the procedure described by 
Drewnoski et al. (2012). The equation used to convert H2S concentration from parts per 
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million to grams per cubic meter was H2S (g/m
3
) = [(H2S (ppm) × 139.06)/1,000,000] 
assuming standard temperature and pressure values as described by Neville et al. (2010). 
 Ruminal fluid samples for determination of ruminal pH were taken at 6 h post-
feeding from 1 of the 2 steers sampled for H2S (a single steer was randomly selected on the 
first day and subsequently sampled for ruminal pH each time) in each pen on d 7, 14, 21, 29, 
and 84 immediately after H2S concentrations were measured. The same sterilized 16-gauge, 
10.2-mm long needle that was introduced into the left paralumbar fossa for H2S 
concentration determination was fitted to a 10-mL syringe which was used to remove 
approximately 5 mL of ruminal fluid. The ruminal fluid was then transferred to a 15-mL 
conical tube and pH was immediately measured (Oakton pH 11 Meter Kit, Model 35614-80, 
Vernon Hills, IL).  
 Neutral detergent fiber of the bromegrass hay and TMR samples were determined 
each month (d 8, 32, 63, and 81) using an ANKOM
200
 Fiber Analyzer (ANKOM Technology 
Corporation, Fairport, NY) with the addition of alpha-amylase according to the procedures of 
Van Soest et al. (1991). Effective NDF (eNDF) was determined on samples collected on the 
same dates, using the Penn State Particle Size Separator as described by Kononoff et al. 
(2003). Particles greater than 7.87 mm were declared as eNDF.   
 
Statistical Analysis 
 Data were analyzed by ANOVA as a randomized block design using the Mixed 
Procedure of SAS (SAS Institute Inc., Cary, NC). The model for the analyses of NDF and 
eNDF included the fixed effect of treatment (concentration of rNDF) and the random effect 
of day. Final BW data were analyzed using a model containing the fixed effect of treatment 
95 
 
and the random effect of block. Average daily gain, DMI, S intake, G:F, NEg intake, ADG to 
NEg intake (G:NEg), ruminal H2S concentration, and ruminal pH data were analyzed as 
repeated measures and included the fixed effects of treatment, time, and the interaction 
between treatment and time. Block was considered a random effect. The repeated effect was 
day of sampling  for ruminal pH and H2S measures, and month for ADG, DMI, S intake, 
G:F, NEg intake, and G:NEg. Selection of  the best covariance structure was based on the 
lowest corrected Akaike’s information criterion identified for the majority of the repeated 
measures models.  Single degree of freedom contrast statements testing the linear and 
quadratic effects of treatment (rNDF) were calculated using the orthopoly function of Proc 
IML. Pen was the experimental unit for all data analysis (n = 6 pens per treatment). 
Significance was declared at P ≤ 0.05 and tendencies were declared from 0.05 < P ≤ 0.10. 
Outliers were identified for ADG, DMI, S intake, G:F, NEg intake, G:NEg, ruminal pH, and 
H2S concentrations using the REG procedure of SAS, defined as data greater than 2 SD from 
the predicted mean, and less than 2% of the data were removed from the analysis. Means 
reported in the tables are least square means. A mixed model regression analysis fixed for 
treatment, day, and the interaction between ruminal pH and treatment, with ruminal pH as a 
covariate, the repeated effect of day, and random effect of block assessed the relationship 
between ruminal H2S concentration and ruminal pH. The relationship between ruminal pH 
and H2S is depicted utilizing raw mean concentrations.  
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RESULTS 
Diet NDF, Steer Intake and Performance 
The NDF and eNDF of total diets increased linearly with the increased inclusion of 
rNDF (P < 0.01; Table 2). Final BW was not affected by concentration of rNDF (P ≥ 0.12; 
Table 3). There was no treatment by month interaction for DMI (P = 0.51; data not shown). 
Dry matter intake increased linearly as rNDF increased (P < 0.01) and the data displayed a 
quadratic tendency (P = 0.07). The quadratic tendency reflects that intake was increased 
more by the 10.1 and 11.4% rNDF treatments than by the lesser additions of rNDF (3.5, 5.3, 
and 7.9%). For S intake there was an interaction between treatment and month (P < 0.01; Fig. 
1). Steers fed the least and greatest rNDF diets increased S intake each month, with the 3.5% 
rNDF treatment increasing most dramatically from month 2 to 3 while the middle inclusions 
of rNDF were similar across months 1 and 2 but increased in month 3.  
The treatment by month interaction was not significant for any growth data (P ≥ 0.27; 
data not shown). Concentration of rNDF did not affect ADG, G:F, or G:NEg (P ≥ 0.12). 
There was a tendency for a quadratic effect of concentration of rNDF on NEg intake (P = 
0.09). Dry matter intake and S intake steadily increased each month during the trial (P < 
0.01). Average daily gain, G:F, NEg intake, and G:NEg were greatest during month 2 of the 
3 month trial, resulting in an effect of time (P < 0.01).  
 
Ruminal pH 
There was no treatment by time interaction for ruminal pH (P = 0.41; data not 
shown). Ruminal pH increased linearly as rNDF increased (P < 0.01; Fig. 2).  Ruminal pH 
differed due to sampling day (P < 0.01), averaging 5.64, 5.59, 5.62, 5.59, and 5.90 ± 0.041 
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across all treatments on d 7, 14, 21, 29, and 84, respectively. The difference is driven by 
greater ruminal pH on d 84 compared with all other days.  
 
H2S Measurements  
Ruminal H2S gas concentrations decreased linearly with the increasing concentration 
of rNDF (P < 0.01; Fig. 3). Ruminal H2S concentrations also differed due to day (P < 0.01) 
averaging 0.79, 0.92, 0.85, 0.77, and 0.61 ± 0.037 g/m
3
 across all treatments on d 7, 14, 21, 
29, and 84, respectively. The relationship between ruminal H2S concentration and ruminal 
pH data is presented in Fig. 4. The regression of H2S concentration and ruminal pH at 6 h 
post feeding across d 7, 14, 21, 29, and 84 demonstrated a strong negative correlation (β = -
0.63; P < 0.01).  
 
DISCUSSION 
The present study was designed to determine the impact of feeding various dietary 
concentrations of rNDF (3.5, 5.3, 7.9, 10.1, and 11.4%) from chopped bromegrass hay (66% 
NDF) on steer feedlot performance and ruminal pH and H2S concentrations when fed a diet 
containing a moderate amount of S from ethanol co-products. Ruminal pH and H2S gas 
concentrations had a strong negative correlation, where as ruminal pH increased, ruminal 
H2S concentration decreased. Previously, we reported that increasing rNDF (4, 7, or 10%) 
from either cornstalks or bromegrass hay decreased ruminal H2S concentrations and a strong 
negative correlation between ruminal pH  and ruminal H2S concentrations in steers fed 
0.45% S, concentrate-based diets was observed (Morine et al., 2014). Similarly, Vanness et 
al. (2009) reported when cattle were fed increasing amounts of grass hay (0, 7.5, or 15% diet 
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DM)  in co-product diets averaging 0.44% dietary S  there was a linear decrease in ruminal 
H2S concentrations measured at 8 h post-feeding. These authors also reported that area below 
ruminal pH of 5.6 tended to be positively correlated with H2S concentrations measured 8 h 
post-feeding (r = 0.99, P = 0.07).  
  However, not all research has demonstrated a strong relationship between ruminal pH 
and H2S gas concentrations. Sarturi et al. (2013) determined the effect of varying S sources 
on ruminal H2S concentration of five ruminally cannulated beef steers. The authors 
calculated ARPS by subtracting from the total dietary S the calculated ruminally 
undegradable S, estimated as the organic S from AA multiplied by the fraction of protein that 
was ruminally undegradable. By calculating ARPS, the authors were able to predict the 
ruminally available S, which is the S available to bacteria for reduction to sulfide. 
Consumption of ARPS and total dietary S varied across the treatments in this study, and the 
authors reported that average ruminal pH explained only 12% of the variation in ruminal H2S 
concentrations, whereas ARPS intake explained 58% of the variation in ruminal H2S 
concentrations (Sarturi et al., 2013). In the present study total dietary S, and likely ruminally 
available S content, was similar across the treatment diets, and ruminal pH was strongly 
negatively correlated with H2S concentrations. Intakes of ARPS by cattle will clearly affect 
ruminal H2S concentrations; however, within a dietary concentration of ARPS ruminal pH 
appears to account for a large amount of the variation in ruminal H2S.   
Sulfate reducing bacteria are present in the rumen and utilize the dissimilatory sulfite 
reductase pathway to reduce dietary sulfate to sulfide, deriving energy from the process 
(Cummings et al., 1995). Given that the pKa for H2S is 7.04 for dissociation of the second 
ion (Beauchamp et al., 1984), approximately 97% of sulfide in the rumen should be found as 
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H2S at a pH of approximately 5.6. Previously, we reported that increasing rNDF from 4 to 
7% decreased time under ruminal pH 5.6 and ruminal H2S concentrations (Morine et al., 
2014). In the present study, ruminal pH linearly increased as dietary rNDF increased. The 
increase in ruminal pH from increased dietary roughage may in part be due to greater time 
spent chewing (Beauchemin and Yang, 2005). Increasing the time spent chewing results in 
secretion of more saliva, which contributes to the buffering capacity of the rumen (Selvaraj et 
al., 2007).  Increased buffering capacity in steers fed greater rNDF may have modulated 
ruminal pH.  
Nichols et al. (2013) analyzed data from cattle fed diets of 0.12 to 0.73% S and rNDF 
from 0 to 8% (DM basis) across several trials and noted that frequency of PEM appears to 
decrease 19% for every 1% increase in rNDF added to a diet when ruminally available S is 
accounted for in the model. Our preceding work (Morine et al., 2014) demonstrated that 
increasing rNDF in a high S, high concentrate diet slows the rate of DMI consumption and in 
combination with the present study suggests that increasing rNDF increases ruminal pH. 
Because the conversion of H2S from sulfide is a pH-dependent process when ruminal pH 
increases, the concentrations of H2S gas in the ruminal head space decreases. Hydrogen 
sulfide gas accumulation and subsequent inhalation has been proposed to be the cause of S 
toxicity in ruminants (Gould, 1998). The changes in cattle eating behavior and ruminal pH 
and their relationships to H2S concentrations may help explain why increasing rNDF 
decreases risk of PEM in high-S diets. 
While the present study was not designed to induce PEM, it was designed to identify 
if increasing roughage in moderately high S diets would decrease ruminal H2S 
concentrations, which is the suspected cause of S-induced PEM. In our previous study 
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(Morine et al., 2014) and the present study, no PEM cases were diagnosed and the average 
ruminal H2S concentrations (0.48 g/m
3
 in Morine et al., 2014 and 0.77 g/m
3
 in the present 
study) suggest that tolerance to ruminal H2S is greater than the previously reported threshold 
concentrations of 0.27 g/m
3 
for risk of PEM reported by Gould (1998) who utilized sodium 
sulfate to achieve PEM. Given the dietary S concentration in this study and the suggested 
incidence rate of PEM observed by Nichols et al. (2013) it is not unexpected that PEM was 
not observed in the present study. Additionally, inorganic S sources are assumed to be 100% 
ruminally available, whereas S-AA are less available because the AA may bypass the rumen 
before being fully degraded. It is likely the S tolerance of cattle is greater when ethanol co-
products are included in the diet than when dietary S is provided to the diet from sodium 
sulfate, water sulfates, or other inorganic sources as the S would not be completely ruminally 
available when consumed in a co-product form. The availability of dietary S for reduction in 
the rumen, the rate at which the S becomes available, ruminal pH and likely other ruminal 
factors, which are as yet undetermined, all influence ruminal H2S gas concentrations.  
An obvious negative outcome of increasing dietary rNDF concentration is the dilution 
of energy in the diet and the potential of this dilution to negatively affect growth performance 
of cattle. It is assumed that the dilution of energy with increasing roughage drives an increase 
in DMI, as cattle attempt to eat to meet their energetic demands (Benton et al., 2007). In the 
present study, DMI increased linearly as rNDF increased, but concentration of rNDF did not 
affect ADG. Because there were no low-S diets in the present study, an extrapolation of the 
effect of increasing rNDF on DMI of steers fed high-S diets compared with those consuming 
low-S diets cannot be made. However, a comparable study utilized 2 concentrations of S 
(0.28% and 0.56%) and 3 concentrations of grass hay (5, 10, and 15%, DM basis) to examine 
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the effects on performance of feedlot cattle (Huber et al., 2012). Increasing roughage in the 
diet increased DMI, and increasing dietary S decreased DMI (Huber et al., 2012). The 
authors reported no dietary S by roughage concentration interaction for any performance 
variables including, DMI, ADG, and feed efficiency (Huber et al., 2012). In a feedlot growth-
performance trial, Calderon-Cortes and Zinn (1996) fed a diet based on steam-flaked corn 
with dietary concentrations of roughage (8 and 16% sudangrass hay) similar to those of the 
present study (5.7 and 11.4% rNDF diets), and found that NEg in the diet, ADG, and feed 
efficiency worsened as roughage concentration in the diet increased. The discrepancy 
between studies evaluating the effect of roughage dilution of energy in feedlot diets on cattle 
performance may relate to the composition of the non-roughage portion of the diet. Because 
distiller’s grains are high in fiber there may be some positive associative effects of increasing 
roughage concentration on digestibility of distiller’s grains, by supporting a more favorable 
environment for cellulolytic bacteria, potentially providing more energy to the animal.  
However, the implication of dietary S concentration on the relationship between co-product 
digestibility and roughage content of the diet warrants further research.    
We speculate the fiber fraction of DDGS was more thoroughly digested by cattle fed 
the higher roughage diets. Dried distillers grains with solubles are high in fiber; the DDGS 
used in the present study contained 25% NDF (DM basis). Morrow et al. (2013) investigated 
the effects of 7 or 14% hay (DM basis) in cracked corn or DDGS-based finishing diets on 
ruminal fiber fermentation capabilities by measuring in situ DM disappearance of soybean 
hulls after 24 h or 48 h incubation. Diets including DDGS had greater in situ DM digestion 
when compared to corn, and the inclusion of hay tended to increase soybean hull DM 
digestion in both diets, regardless of energy source (Morrow et al., 2013).  We speculate that 
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increased digestibility of fiber is due to favorable shifts in the rumen microbial ecology; 
however, it remains unclear what shifts are occurring due to increasing rNDF and the effect 
of these shifts on sulfate reducing bacteria and their metabolism. In the present study, 
including more rNDF in the diet may have created a more favorable rumen environment for 
cellulolytic bacteria and thus digestion of hay and also of the highly fibrous DDGS may have 
been more complete, helping to overcome the energy dilution of the diets when corn was 
replaced with hay.  
In conclusion, cattle gains did not differ among treatments. The inclusion of up to 
11.4% rNDF did not negatively affect cattle performance. With an increasing rNDF, DMI 
and ruminal pH increased linearly, and H2S concentration decreased linearly. However, there 
were limited benefits in increasing ruminal pH and decreasing H2S concentration, in regards 
to cattle performance. The results of this study, in combination with our previous work, 
suggest that the inclusion of at least 7 to 8% rNDF in dry-rolled corn-based diets containing 
moderate amounts of S will aid in modulating ruminal pH, thus decreasing ruminal H2S gas 
concentration. Increasing roughage may be an effective feeding strategy to decrease the risk 
of S toxicity. However, modulation of ruminal pH is likely not the only management strategy 
that will aid in the prevention of S toxicity, as a variety of other factors such as dietary 
composition, feed bunk and intake management and environment may all play roles in the 
onset of this problem. Future research is needed to identify additional factors influencing 
ruminal H2S concentrations other than ruminal pH. 
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Table 1. Ingredients and chemical composition of diets    
   Roughage NDF, % 
Item, % DM  
Step 
Up 1 
Step 
Up 2 
3.5 5.7 7.9 10.1 11.4 
Chopped bromegrass 
hay
1
 
30.0 17.3   5.3   8.6 11.9 15.3 17.3 
DDGS
2
 20.8 22.8 32.0 32.0 32.0 32.0 32.0 
Soyhulls 14.0 12.5 -- -- -- -- -- 
CCDS
3
 -- --   7.0   7.0   7.0   7.0   7.0 
Dry- rolled corn 33.0 45.2 53.5 50.2 46.9 43.5 41.5 
Limestone   1.7   1.7   1.7   1.7   1.7   1.7   1.7 
Salt   0.31   0.31   0.31   0.31   0.31   0.31   0.31 
Vitamin A premix
4 
  0.1   0.1   0.1   0.1   0.1   0.1   0.1 
Rumensin 90
5
   0.006   0.006   0.012   0.012   0.012   0.012   0.012 
Trace mineral premix
6
   0.035   0.035   0.035   0.035   0.035   0.035   0.035 
Analyzed composition        
S, % -- --   0.44   0.46   0.46   0.45   0.47 
Calculated composition
7 
       
CP, % -- -- 14.7 14.8 14.8 14.8 14.8 
NEm, Mcal/kg DM -- --   2.01   1.98   1.94   1.90   1.87 
NEg, Mcal/kg DM -- --   1.41   1.38   1.34   1.31   1.29        
1
Bromegrass hay (contained 66% NDF) was chopped using an 1150 Commercial Tub 
Grinder with Grapple Loader (Haybuster, Jamestown, ND) with a 15.24-cm screen.  
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2
Corn dried distillers grains (DDGS). Three loads of DDGS from POET (Jewell, IA) were 
used during the trial with S concentrations of 0.935, 0.87, and 0.86% (DM basis). 
3
Condensed corn distillers solubles (CCDS); One load of CCDS from Rock-N-R Syrup Co. 
(Preston, MN) was used during the trial with S concentration of 1.28% (DM basis). 
4
Vitamin A premix contains 4,400,000 IU/kg. 
5
Targeted monensin at 200 mg·steer
-1
·d
-1
. 
6
Provided per kg of diet DM: 30 mg Zn as ZnSO4; 20 mg Mn as MnSO4; 0.5 mg I as 
Ca(IO3)2(H2O); 0.1 mg Se as Na2SeO3; 10 mg Cu as CuSO4; and 0.1 mg Co as CoCO3. 
7
The calculated composition was determined based on analyzed content CP and OARDC 
energy calculation of ingredients. 
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Table 2. Neutral detergent fiber and effective NDF (eNDF) concentrations of 
experimental diets   
 Roughage NDF, %  P-value 
Item     3.5       5.7       7.9     10.1     11.4 SEM Linear Quadratic 
NDF  21.2 23.8 25.4 26.9 29.5 0.96 < 0.01 0.80 
eNDF
1
 4.4 6.0 8.0 10.1 10.3 0.82 < 0.01 0.72 
1
Determined using Penn State particle size separator method described by Kononoff et al. 
(2003), declaring the NDF in particles greater than 7.87 mm as eNDF. 
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Table 3. Effect of roughage NDF concentration on performance of finishing steers fed 
high S diets  
 Roughage NDF, %  P-value 
Item 3.5  5.7  7.9  10.1  11.4 SEM Linear Quad 
Initial BW 362 360 357 359 357 9.3 0.70 0.90 
Final BW 534 529 522 536 531 9.8 0.97 0.12 
DMI
1
,  
kg/d 10.7 10.7 10.8 11.3 11.3 0.18 < 0.01 0.07 
ADG
1
,  
kg/d   2.04   1.97   1.94   2.07   2.04 0.053 0.55 0.13 
G:F
1 
0.193   0.186 0.182 0.185 0.182 0.0052 0.12 0.38 
NEg intake
1
, 
Mcal/d 15.0 14.7 14.4 14.8 14.6 0.25 0.09 0.09 
ADG:NEg 
intake
1
  0.137 0.135 0.135 0.142 0.141 0.0032 0.17 0.35 
1
Repeated measures analysis: treatment × month (P ≥ 0.27); month (P < 0.01). 
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Figure Legends 
Figure 1. Sulfur intake of finishing steers fed various inclusions of roughage NDF (rNDF) 
3.5 (□), 5.7 (◊), 7.9 (∆), 10.1 (○), or 11.4 (×) % rNDF as affected by rNDF concentration and 
month of study (P < 0.01); effect of month (P < 0.01); SEM ± 1.19. 
Figure 2. Effect of roughage NDF (rNDF) concentration on ruminal pH measured on d 7, 
14, 21, 29, and 84 at 6 h post-feeding from finishing steers fed 3.5, 5.7, 7.9, 10.1, or 11.4% 
rNDF; linear effect of rNDF (P < 0.01); quadratic effect of rNDF (P = 0.27); effect of day (P 
< 0.01); rNDF concentration × month interaction (P = 0.41). 
Figure 3. Effect of roughage NDF (rNDF) concentration on ruminal hydrogen sulfide 
concentration measured on d 7, 14, 21, 29, and 84 at 6 h post-feeding from finishing steers 
fed 3.5, 5.7, 7.9, 10.1, or 11.4% rNDF; linear effect of rNDF (P < 0.01); quadratic effect of 
rNDF (P = 0.45); effect of day (P < 0.01); rNDF concentration × month interaction (P = 
0.67). 
Figure 4. Mixed model regression analysis of ruminal hydrogen sulfide concentration and 
ruminal pH determined on d 7, 14, 21, 29, and 84 at 6 h post-feeding immediately after 
hydrogen sulfide measures were collected from finishing steers fed high-S diets and varying 
concentrations of roughage NDF: 3.5 (□), 5.7 (◊), 7.9 (∆), 10.1 (○), or 11.4 (×) % (rNDF; 
regression coefficient, β = -0.63, P < 0.01). 
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CHAPTER 5. 
GENERAL CONCLUSIONS 
 
Increasing dietary sulfur (S) in feedlot cattle diets from the use of ethanol co-products 
such as dried distillers grains with solubles (DDGS) has been shown to decrease cattle 
performance and increase the incidence of S toxicity, through increased ruminal hydrogen 
sulfide (H2S) concentrations. Hydrogen sulfide is associated with the etiology of S-induced 
polioencephalomalacia (S-PEM), a condition that can result from feeding high concentrate, 
high S diets. The studies contained in this thesis were designed to identify the optimal 
roughage inclusion and source in high S feedlot cattle diets as a preventative management 
practice against S toxicity. This research was initiated around the knowledge of S metabolism 
in the rumen and the understanding of how a decreased ruminal pH increases the proportion 
of H2S in the rumen. The results of these studies suggest roughage is influential in lessening 
ruminal H2S concentrations in cattle fed high S diets by decreasing the amount of time 
ruminal pH is below critical pH values. 
The first study was designed to compare the effects of different roughage sources 
(chopped cornstalks and chopped bromegrass hay) on the ability to increase ruminal pH and 
decrease H2S concentrations. Under the conditions of the study, there was no difference in 
roughage source on DMI or ruminal parameters related to S toxicity. It is important to note 
the sources were balanced on NDF, thus the differences between the structural components in 
the roughage were accounted for which resulted in decreased inclusion rate of cornstalks 
compared to bromegrass hay. These results are in agreement with various researchers who 
have also noted the importance of balancing for NDF when attempting to equalize roughage 
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sources to avoid negative effects on DMI, ruminal pH, and growth performance when 
included in beef feedlot diets. Furthermore, it is well documented that NDF in roughage is a 
predictor of voluntary intake due to bulk or fill in the rumen, so it is expected that increasing 
NDF inclusion will increase stimulation of ruminal tension receptors thus decreasing 
consumption rate. Decreased consumption rate is believed to be one of the factors related to 
the mechanism behind the natural buffering ability of roughage. Slowing the rate of DMI 
consumption by steers fed high S, high concentrate diets may have been influential in 
decreasing the S introduction rate into the rumen; thus, adding roughage may increase 
ruminal pH while also decreasing ruminal H2S production. 
The second study examined how increasing dietary roughage affects performance of 
feedlot cattle consuming high S diets. With increasing dietary roughage in the diet, cattle 
gains did not differ. These results contradict other findings wherein rate of gain and 
efficiency in cattle decreased due to the dilution of energy by replacing high energy 
feedstuffs with increasing dietary roughage. The inconsistency between studies may be 
explained by the composition of the non-roughage portion of the diet.  A positive associative 
effect may be occurring when roughage concentration is increased in diets containing DDGS. 
There may be an increase in digestibility of DDGS, which are high in fiber, because 
increased ruminal pH may support a more favorable environment for cellulolytic bacteria, 
thus providing more energy to the animal. The potential positive associative effect between 
co-product digestibility and roughage inclusion and the means by which dietary S content 
may influence this relationship warrants further research.    
The results of both studies showed a strong negative correlation between ruminal pH 
and ruminal H2S concentration. Interestingly, in the first study there appeared to be a 
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breakpoint at a pH of 5.6 in the relationship, as above 5.6 ruminal pH no longer played a 
substantial role in decreasing H2S concentration, but a linear relationship with no breakpoint 
was observed in the second study. A variety of factors may have contributed to the 
differences in the responses of the two studies including animal variation, S intake variation, 
and single versus repeated measurements of H2S. It is well documented that as dietary S and 
S intake increase, ruminal H2S concentrations increase, but in a pen study individual S 
intakes are unavailable. With S intake unknown, it is hard to concretely associate dietary 
treatment with individual animal H2S measurements.  Furthermore, there is a lag time of 
approximately 30 days in maximal ruminal H2S concentrations suggesting that increasing 
dietary roughage for only a part of the feeding period may suffice.  In both studies, no S-
PEM cases were diagnosed and the average ruminal H2S concentrations demonstrated that 
tolerance to ruminal H2S without risk of S-PEM is likely greater than previously reported. 
For producers to better understand the etiology of S-PEM, research is necessary to further 
define the specific H2S concentration tolerance of cattle.  
The results of the experiments in this thesis suggest that including at least 7 to 8% 
NDF from roughage in the diet will aid in modulating ruminal pH, decreasing ruminal H2S 
concentration, and decreasing S toxicity risk. Therefore, increasing roughage inclusion in 
high S feedlot cattle diets may be an effective feeding strategy to decrease the risk of S 
toxicity.  However, there may be additional factors from increasing dietary roughage that 
influence ruminal H2S concentrations other than ruminal pH such as ruminal microbial 
population shifts and potential synergy with other feedstuffs, thus future research is 
warranted.  
